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FUTURE USES O F  LASER TRACKING 
E. M. Gaposchkin 
1 .  INTRODUCTION 
L a s e r  technology has  advanced to the extent  that  speci f ic  plans for i ts  
u s e  can  be  made .  Sate l l i te  t r ack ing  with l a s e r s  has  become routine and the 
l im i t s  of a c c u r a c y  a r e  known, though only approximately  rea l i zed .  T h e r e  
a r e  t h r ee  di f ferent  types of l a s e r  t racking un i t s ;  the da t a  a r e  compat ible  and 
c a n  be s a t i s f ac to r i l y  combined.  
Sate l l i te  t r ack ing  by l a s e r  i s  a  v e r y  p r e c i s e  method of range m e a s u r e -  
ment .  The ene rgy  r equ i r emen t s  a r e  s u c h  that  sa te l l i t e s  m u s t  be equlpped 
w ~ t h  co rne r - cube  r e f l e c to r s ,  which a r e  pass ive  dev ices  and have an ande f~~r l t e  
l i f e t ime;  t h e r e  i s  no l im i t  to the number  of observa t ions  that  can  be :made .  
P r e c i s e  sa te l l i t e  t r ack ing  has  evolved through many  s t age s .  L a s e r  
t racking i s  the m o s t  p romis ing  of the many  ground-based techniques u n d e r  
development  and in  u s e  today. The u l t imate  a ccu racy  l imi t  of l a s e r  t racking 
i s  s e t  by the inde te rminacy  of the t r oposphe r i c  r e f r ac t i on  cor rec t ion ;  a 
p rob lem common  to a l l  ground-based observ ing  s y s t e m s .  
I t  s e e m s ,  the re fore ,  that  we a r e  a t  the f inal  s t age  of ground-based 
t racking,  and f u r t h e r  advances  will v e r y  l ikely c o m e  f r o m  sa te l l i t e  - b a s e d  
t racking s y s t e m s .  This  d i scuss ion  i s  l imi ted to ground-based p rec i s ion  
t racking and i t s  viability. However,  sa te l l i t e -based  t racking wil l  need t o  b e  
re la ted  to the e a r t h ' s  su r f ace .  P r e c i s i o n  t rack ing  has  been  m o s t  conlmonly 
.?I -,- 
This  work was  suppor ted in pa r t  by g r a n t  NGR 09-015-002 f r o m  the National 
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u s e d  tn geodetic s tudies .  The f i r s t  quest ion i s ,  thus,  what lmpac t  will l a s e r  
tra~k~ng have on de te rmin ing  the g rav i ty  f ield of the e a r t h  and the locations 
ol ohser ving s ta t ions .  
The p re sen t  a c c u r a c y  of l a s e r  r anges  i s  50 c m  ( s e e  Section 5) .  Not a l l  
tho2 t ; y s~e rns  In u s e  have this capabil i ty,  but even the p r imi t ive  s y s t e m s  have 
a i l  acc \ l r a cy  of 1 . 5  m. This  c an  be  compa red  with the 20-rn a c c u r a c y  of 
BaLer-Nunn c a m e r a  observa t ions  and the 1 5 - m  accu racy  of the Coddard Range 
and Range Ra te  (GRARR) data .  The ul t imate  a c c u r a c y  of l a s e r  measurements 
wrai be 6 to 8 c m .  To  obtain th is  p rec i s ion ,  we r e q u i r e  v e r y  deta i led  n ~ e t e -  
c.roiogica1 data ,  which a r e  not ye t  avai lable .  
T h e r e  a r e  many  o the r  u s e s  f o r  p r ec i s i on  t racking of 50 -cm accu racy .  
F o r  example ,  ranging to the moon  has  been success fu l ,  and t h e r e  i s  no doubt 
Ll-t,-lL u s e s  o the r  than those  mentioned h e r e  wil l  be found f o r  l a s e r  sa te l l i t e  
t rac11~ng.  
L, SATELLITE GRAVITY -F IELD DETERMINATION BY CLASSICAL 
METHODS 
The  methods  d i s cus sed  h e r e  a r e  now c l a s s i c a l  (Kaula, 1966; Lundquist  
a n d  V e i s ,  1966).  The  new da t a  c a n  be t r e a t ed  in the t radi t ional  f r amework ,  
a n d  a l t e rna t ive  rrlethods will be d i s cus sed  in  Section 7 .  
2 .  1 The  method used to d e t e r m i n e  the e a r t h ' s  g rav i ty  f ield i s  the Anverse 
-
oi t h e  c l a s s i c a l  c e l e s t i a l  mechan ics  p rob lem,  which 1s to de t e rmine  the t r a -  
j e c t o r y  of a  body, given a  s e t  of f o r ce s .  .Observat ions  a r e  used to check the 
theory. The geodetic p rob lem i s  to d e t e r m i n e  the f o r c e s ,  i. e . ,  the g rav i ty  
i l c id  of the e a r t h ,  given a n  o rb i t a l  theory  and observa t ions  of the t r a j e c to ry .  
At the  s a m e  t ime ,  one can  and m u s t  d e t e r m i n e  the locations of the observing 
sza l lons .  
2 .  2 The represen ta t ion  of the geopotential  in  sphe r i ca l  ha rmonics ,  i ,  e .  , 
-
in harmonic  functions,  i s  a s p e c t r a l  decomposi t ion of the f ield.  Specific 
f ea tu r e s  in  the g rav i ty  f ield a r e  not re la ted  to specif ic  harmonic  t e r m s .  
Conversely ,  specif ic  harmonics  cannot be  re la ted  to par t i cu la r  f ea tu r e s .  
The s i tuat ion i s  complete ly  analogous to F o u r i e r  decomposi t ion in one d imen-  
sion.  In genera l ,  the  harmonic  functions that  a r i s e  in the solution of the 
equations of mot ion a r e  s i m i l a r l y  not re la ted to specif ic  f ea tu r e s  in Lhe 
motion, in  this c a s e  a s p e c t r a l  decomposi t ion in  t ime .  T h e r e  a r e  s o m e  pro-  
nounced s p e c t r a l  f e a tu r e s  in the motion, a s  we shal l  s e e ,  and hence to s o m e  
extent  the sa te l l i t e  a c t s  a s  a f i l t e r ,  amplifying s o m e  s p e c t r a l  components.  
2 .  3 We can  de t e rmine  the t r a j ec to ry  d i rec t ly  by numer i ca l  hntegralron 
-
of the equations of motion.  Al ternat ively ,  we can  s eek  an  analyt ical  solution. 
In  this  c a se ,  we a r e  fo rced  to u s e  approx imate  solutions,  which appear  to be 
sa t i s fac tory .  This  d i scuss ion  i s  based  on one such  analyt ical  theory.  
The zonal ha rmon ic s  have the l a r g e s t  effects ,  and r a t h e r  e laborate  
ana lys i s  i s  requ i red .  The equations of motion f o r  a sa te l l i t e  under the 
influence of t e s s e r a l  ha rmonics  of the g rav i ty  f ield a r e  approximated by 
expansions in harmonic  functions.  These  exp re s s ions  can  be  in tegrated 
d i r ec t l y  to f i r s t  o r d e r ,  which i s  sa t i s fac tory .  
2.4 The  equations of mot ion a r e  solved by succes s ive  approximation.  
-
The exp re s s ions  a r e  f o r  s m a l l  changes,  ca l led per turbat ions ,  with r e spec t  
to s o m e  re fe rence ,  ca l led a m e a n  orbi t .  T h e r e  a r e  two c l a s s e s  of changes:  
1 )  nonperiodic (6 E ), which i n c r e a s e s  indefinitely with t ime ,  and 2)  periodic 
s 
(6  Ep). 
Pe r iod i c  per tu rba t ions  r e su l t  f r o m  the s p e c t r a l  decomposi t ion of the 
solution and a r e  defined to have an ave rage  value of z e r o  
The  remaining motion i s  genera l ly  defined a s  the s ecu l a r  par t .  T e r m s  
2 3 
ir, t , & , etc.  a r e  not excluded in pr inciple  and apparent ly  a r i s e  in p rac t ice .  
It is an open theore t ica l  quest ion 11 such  t e r m s  c a n  a r i s e .  They can  a l so  
appear  f r o m  v e r y  long-periodic t e r m s  that  have not been included. In addition, 
s o l i ~ e  analyt ical  theor ies  have so-cal led mixed s e c u l a r  t e r m s ,  e .  g . ,  t ( s i n  a t ) .  
For our purposes ,  we can ignore  these  quest ions  and r e ly  on equation (1) to 
defrne periodic per turbat ions ,  whe re  t  and t  a r e  the f i r s t  and l a s t  t imes of 
a b 
the t r a jec tory .  Hence,  if b E i s  the to ta l  per turbat ion,  
then 
The b E a r e  in tegrated effects and become v e r y  la rge .  Thus,  the 
S 
coefficients controll ing 6 E the zonal  harmonics  of even deg ree ,  can  be 
S '  
determined v e r y  prec i se ly ,  These  a r e  in tegrated effects ( in  t ime )  of specific 
h a r r n o n ~ c s  ( i .  e . ,  averaged  in  space) .  F o r  b E we can  re ly  on in tegrat ion 
P' 
1x1 t ~ m e  only f o r  long-period t e r m s .  The l a t t e r  f a l l  into two ca t ego r i e s :  1 )  
zonal  harmonics  of odd degree ,  and 2 )  ha rmonics  that  a r e  resonant  with the 
sa te l l r te  orbi t .  F o r  the remaining t e r m s  in the harmonic  decomposi t ion of 
ehe t r a j ec to ry ,  we cannot u s e  in tegrated effects and m u s t  use  the l a rge  spa t ia l  
ave rag ing  of the harmonics ,  another  kind of in tegrated effect.  
In s u m m a r y ,  the g rav i ty  field i s  exp re s sed  in a spa t ia l  s p e c t r a l  decom-  
position, and the o rb i ta l  theory in a t empora l  s p e c t r a l  decomposit ion.  The 
sa te l l i t e  i s  sens i t ive  to ce r t a in  spa t ia l  components of the gravi ty  field through 
c e r t a i n  t empora l  components a r i s i ng  in  the o rb i t a l  theory.  
2 .  5 The development of per turbat ions ,  now c l a s s i ca l ,  i s  given in iiiany 
papers  (Kaula,  1966; Lundquist and Qeis ,  1966). The choice of dependent 
var iab les  i s  a r b i t r a r y .  The m o s t  common a r e  w (per igee) ,  12 (a rgument  ol 
the node), I ( inclination),  e  (eccen t r ic i ty ) ,  M (mean  anomaly) ,  and a ( s e m i i r ~ a j o r  
ax i s ) .  T h e s e  e lements  E :  can  be  combined into any o ther  se t .  F o r  d e s c r i p -  
1 
- 2  A 
t ive purposes  we u se  M and the shift  in position d r  = (';iT; . d r )  = d r  . z. 
T h e  exp re s s ion  of a per iod ic  per tu rba t ion  ( s a y  i n  M) due t o  harmonic  
' 1  m i s  given i n  the f o r m  
w h e r e  $ i s  e i t he r  s i n  o r  cos  and 9 i s  the  s i d e r e a l  angle. 
A f e w  well-known r e m a r k s  follow: 
1 .  A ( l ,  m ,  p, q, a, e ,  I) a e 1  ; hence the  l a r g e s t  t e r m s  genera l ly  come 
with q = 0 .  
2 .  T h e  q summation,  though fo rma l ly  f r o m  -co t o  +GO, only needs t o  go  
f r o m  - 1 0  t o  f 1 0 .  
3 .  n r  M > 8 = 1 >>&, h ;  therefore ,  the  f requency 
of any t e r m  is ma in ly  control led by M and me. 
4. Since A( l  , m, p, q, a, e ,  I) depends on e l emen t s  that  have vi r tual ly  no 
change, A i s  constant  f o r  any pa r t i cu l a r  sa te l l i te .  The  S t e r m  contains ail 
t h e  t e m p o r a l  va r ia t ions .  
2 .  6 For any given value of o r d e r  ma a l l  pe r tu rba t ions  of deg ree  1 (even)  
-
ws!l have the s a m e  f requency .  Since 0 15 1 5 nl and 0 5 p 5 1 ,  a rgumen t s  
wsth 1 - 2 p  = r  exis t .  Th i s  c an  b e  s e e n  by examining the dominant t e r m  f o r  
eac! i  1, n ,  e . ,  q = 0. The  f requency becomes  
W i t h  1 = 12, p = 6,  m = 12, we have the s a m e  f requency a s  with 1 = 14, 
2 = 7 ,  rn = 1 2 ;  .t = 16, p = 6, m = 12 ;  e tc .  S imi la r ly  f o r  1 (odd). In addition, 
we cannot have the s a m e  period f o r  both P odd and P even.  
F o r  example ,  the pe r tu rba t ions  in M f o r  DID  (6701401) a r e  given in 
exp re s s ion  (5) f o r  only the pr incipal  t e r m s  with m = 1 ,  2 and Q = 3 ,4 ,  5, 6 , 7 ,  8. 
F o r  this satellite, a  = 7614 km, e = 0. 0843, and I = 39."455. 
+ c ~ ~ ( - 4 2 .  5 c o s  [ a  + 2(0 - 8)] t 10. 5 cos  [ o  t 2M -t 2(R - e)] - 1 3 . 6  cos  [ - u  t 2(R - 8)] t . . . ) 
t C 4 i [ 7 0 c ~ s ( - M t R - 8 ) - 8 . 2 ~ o s ( M t R - 0 ) t 5 . 1  ~ 0 ~ ( - 2 w t n - e ) t  . . . I  
-t C42  { - l o .  3 s i n  [ - M  t 2(R - 0)] t 14.  2 s i n  [M t 2(R - 0)] t . . . }  
t C 5 1 [ - 8 7 . 4  s i n ( w  t R  - 8)  t 6 . 9  s i n ( w  t 2M t i Z  - 8 ) t  8 7 . 9  s i n ( - w t  R -  0)  t . . . I  
t CS2{8.  6 c o s  /& t 2(R - 8)] - 1 . 4  cos  [w t 2 M f  2(iZ - e)] t 43.  9  cos  I-u t 2(R - 0)] t . . . ) 
t Cg1[5 .1  c o s ( - M t R -  8 )  - 6 . O c o s  ( M t n -  0) - 1 6 . 2 c o s ( - 2 u + R - 8 ) +  . . . I  
t Cg2{5.  4  s i n  [ - M  t 2 ( a  - e ) ]  - 7. 4  s i n  [M t 2(R - e ) ]  t . . . ) 
t G 7 ] [ 3 3 . 1  s i n ( w t R - 8 ) t  O . O s i n ( w t 2 M t R - 8 ) t l . 4 s i n ( - w + R - 0 ) t  . . . I  
t ~ ~ ~ ( 4 0 .  0 cos  [w t 2(R - 8)]  - 5. 5 c o s  [w t 2M t 2(52 - 8)]  - 40. 3 cos  [ - a  t 2(R - e)] t . .  .) 
t Cgi[ -6 .  8 cos  ( -M t R - 0 )  t 7. 9 c o s  (M t R - 8 )  t 19. 1  cos  (-20 t 52 - 8 )  t . .  . ]  
t Cg2{4.  1 s i n  [ - M  t 2(R - e ) ]  - 5. 7 s i n  [M t 2(R - 8)] t . . . ) 
i- . . .  . 
We can  r e a r r a n g e  th is  express ion  i n  t e r m s  of the s a m e  frequency (the period 
of each  t e r m ,  in days ,  i s  given in  paren theses ) :  
6 M  = ( -7 .  1 Cgl  - 87 .4  Cgl  t 33. 1  C71 t . . . )  s i n  (o t R - 8) (-1. 001 1 
t (0. 8  Cgl t 6. 9  Cgl  t 0. 0 C71 t . . . )  s in  (o t 2M t Q - 6)  (0. 040)  
+ ( - 6 3 .  3  Cgl t 87. 9  C51 t 1 . 4  C71 t . . . )  s in  (-a t R - 8)  (-0.  9 7 1 )  
+ (5 .1  Cql - 1 6 . 2  C61 t 19. 1  Cs l  t . . . )  cos (-20 t R - 0)  ( -0,  958) 
t ( - 1 0 . 3  Cd2 t 5 . 4  C62 t 4. 1  c t . . . )  s i n [ - M  t 2(R - e)] (-0. 066) 8  2  
t . .  . (6) 
A s  a second example,  we give in exp re s s ion  (7) the per turbat ions  rn M 
/ 
f o r  the sa te l l i t e  PEOLE,  to be launched by Cen t r e  National d lE tudes  Spat ra les  
(CNES), f o r  which a = 7173 km, e = 0.009,  and I = 15PO. In th is  c a se ,  we 
give the t e r m s  f o r  m = 1 ,  2  and 1 = 3 , 4 ,  5,  6. 
: C j 2  1-3-11 c o s  [ o  t 2(12 - O)] t 77 cos  [ u  t 2M t 2(12 - 0)]  + . . .  I 
- C A P  11 26 c o s  ( - M  t 12 - 0) - 146 cos  (M t i2 - 0) t . . . ] 
+ C ' 1 3 5  skn [2w t 3M t 2(12 - 9)] - 35 s i n  [ - M  t 2(12 - O)] t 47 s l n  [ M  t 2(1! - O ) ]  4 2  1 
t 5 0  s i n  [20  t M t 2(!1 - 6 ) ]  t . . . \ 
t C -  11600 s l n  (o t i 2  - 0 )  - 114 s i n  (U t 2M t i 2  - 0 )  t 579 s L n ( - ~  + L L  - 0)  t...] 3 1 
t C S 2  1761 L ~ S  [w +  2(12 - 0 ) ]  - 115  cos  [w  t 2M t 2(1! - 0)] t . . . I 
t G b l  1-165 c o s  ( - M  t 12 - 0 )  t 190 cos  (M t 12 - 0) t . . . ]  
) - 7 6  s l n  12 + 3M t 2(11 - b ) ]  t 73  sin [ - M  t Z(11 - 0)] - '19 sLn [ M  t 2(1! - O ) ]  
+ i 
- 6') slrl [Zw t M t 2(1! - O)] t . . . \  
W e  c a n  r e a r r a n g e  this  exp re s s ion  in t e r m s  of the s a m e  f requency (the pe r iod  
oi each  term,  in days ,  i s  given in pa r en the se s ) :  
h M Z ( - 1 4 9 3 C  t 1 6 0 0 C 5 1 + . . . ) s i n ( w t R - 8 )  3 1 
t (160 C,, - 114 C51 t . . . )  s i n  (o t 2M t R - 8) 
t (-164 C j l  t 579 C5] + . . . )  s i n  (-a t LI - 8)  
t (126 C41 - 165 C61 + . . a )  cos  ( -M t i 2  - 8 )  
t (-146 641 t 190 C61 + . . . )  cos  (M t R - 8)  
t (-341. c~~ t 761 c~~ t . . . )  cos  [ W  t 2(i2 - e)]  
t (77 C j Z  - 115 C52 + . . . )  cos [ W  t 2M + 2 - 8)] 
i- 11 35 642 - 76 C62  t . . . ) s i n  [2W f 3M + 2(i2 - @) ]  
t ( - 35  CqZ i 73 Cb2  t . . . )  s in  [ -M t Z(Q - e)] 
) s in  [M t 2(52 - 
t (50 C42 - 69 Cb2  + . . . )  sin[Zw + M t 2 ( ~ 2  - e)] 
Even  if we a s s u m e  the  sate l l i te  t o  be a perfect  f i l t e r ,  uncontaminated by 
other  model  e r r o r s ,  and the t racking data  and analysis  p roces s  t o  be per fec t ,  
we s e e  that with one sate l l i te  we c a n  only determine spec t ra l  components that 
a r e  l i nea r  combinations of the gravi ty  field (C ) and functions of o r b i t a l  Q m  
e lements  [A(B, m, p, q, a,  e ,  I)] . F r o m  each sate l l i te  we obtain one o r  two 
l i nea r  combinations of harmonics  fo r  Q odd and f o r  Q even. By using a d d i -  
t ional  data we can only refine the numer ica l  value of these l inear  cornbina- 
t ions .  The  coefficients of the re la t ions  will depend on the orbi ta l  elenrients 
s o  that  other  l inear  combinations can  be determined only f r o m  additional 
dis t inct  o rb i t s .  Generally,  th i s  i s  achieved by select ing sate l l i tes  with 
different inclination, but independent l inear  re la t ions  can  a l so  be obtained 
with changes i n  eccentr ic i ty  e o r  s emima jo r  axis  a .  
A s  the degree  inc reases ,  the  per turbat ions  become negligible, and so  the 
l i nea r  re la t ion  does not involve an  infinite number  of p a r a m e t e r s .  The ndjyl- 
b e r  of p a r a m e t e r s  required i s  determined f r o m  this study. 
F r o m  equation (6) (for D I D )  we s e e  that  a l inear  combination of G 31 '  
'51' '71' . . . can  be determined f rom the -1.001 -day-period t e r m  and 
another  of equal s ize  f r o m  the -0. 971 -day tern]. The third t e r m  ( a n d  t he r t .  
a r e  many s i m i l a r  s m a l l e r  t e r m s )  i s  a fac tor  of 10 s m a l l e r  and will not con- 
t r ibu te  significantly a s  an observat ion equation. The l inear  combination oi 
'32' '52' '72' . . . has only one significant spec t r a l  component for  the 
-0. 327 -day period. 
Frcrn equation (8) (for  P E O L E )  the l i nea r  combination wil l  be  de te rmined  
iron1 the -4 .013-day period.  T h e r e  a r e  two o the r  components a t  per iods  of 
9 .  336 a n d  - 0 ,  949 day. The  effects  a r e  a fac to r  of 2 to 10 s m a l l e r .  A second 
l ~ n c a r  e la t lon  of lower  weight can  be de te rmined .  These  addit ional  t e r m s  
a r r s e  in sa te l l i t e s  with nonzero eccen t r i c i ty ;  e .  g . ,  f o r  DID the t e r m s  of 
q i 0 are srgnificant, a s  i l lus t ra ted  by equation (6) .  
Therefore ,  one o r  two f in i te  l i n e a r  re la t ions  a r e  de te rmined  f o r  P (odd) 
and one o r  two f o r  P (even).  I n  addition, weaker  re la t ions  can  be es tabl ished.  
Each sa te l l i t e  c a n  contr ibute  to  the  unique de te rmina t ion  of 1 o r  2 odd and 
i o r  2 even deg ree  ha rmon ic  coefficients  in e ach  o r d e r ;  i. e . ,  if t h e r e  a r e  
2 4  s e t s  of unique gravi ty-f ie ld  coefficients  affecting the o rb i t s  f o r  a given 
order, then 1 2  d i s t inc t  sa te l l i t e s  would be sufficient  to de t e rmine  them.  
For a nonhomogeneous s e t  of s a t e l l i t e s ,  i. e . ,  whe re  they a r e  not a l l  
equally sens i t ive  to  the  g rav i ty  field, subse t s  of coefficients  a r e  de te rmined .  
In ' the  case where  insufficient  s a t e l l i t e s  a r e  avai lable ,  the l i nea r  re la t ions  
a r e  genera l ly  solved by cons t ra in ing  the  h igher  deg ree  and o r d e r  coefficients  
t o  z e r o  
T h e  Sinear r e l a t i ons  a r e  not de t e rmined  with equal  a ccu racy ;  f o r  exam-  
ple ,  the r e  sonant h a r m o n i c s  have a v e r y  l a r g e  effect  and the  spec t r a l  compo- 
rient rs s t rong ly  de te rmined .  However ,  the  resonan t  per iod i s  commensu ra t e  
with the arc length, which wil l  cove r  only a s m a l l  number  of cyc les .  T h i s  
makes s epa ra t i ng  nea r l y  c o m m e n s u r a t e  pe r i ods  difficult. F o r  s p e c t r a l  
components  bunched between P = 0. 02 and P = 0. 04 day,  i. e . ,  between 50 
a n d  6 0 rnin, t he  e f fec t s  a r e  s m a l l  and the  s p e c t r a l  decomposi t ion i s  a l s o  
difficult 
3, GRAVITY -F IELD DETERMINATION B Y  TERRESTRIAL MEASUREMENTS 
3 1 The grav i ty  f ie ld  of the e a r t h  i s  m e a s u r e d  with g r a v i m e t e r s .  These  
-
i ~ l e a s u r c ~ i l ~ e n t s  have been  made  on p a r t  of the su r f ace  only - 25% of the 1" X 1" 
e lements  of the e a r t h ' s  su r f ace .  By combining these  into 5" X 5" e lements ,  
56% of the su r f ace  i s  covered.  These  m e a s u r e m e n t s  can  be used to deter- 
mine  the sphe r i ca l  ha rmonic  expansion represen t ing  the gravi ty  f ield.  
3 .  2 Rigorous  ana lys i s  of sur face-grav i ty  m e a s u r e m e n t s  can  lead lo the 
-
determinat ion of these  sphe r i ca l  ha rmonic  coefficients.  This  requ i res  1 )  
knowledge of gravi ty  everywhere  on the su r f ace  (e.  g. , with 5" x 5" ave rages ) ,  
2 )  reduction of g rav i ty  values  to a common re fe rence ,  and 3 )  knowledge of 
the co r r e l a t i on  function (now genera l ly  approximated)  (Heiskanen and Mor i tz ,  
1967). 
3 .  3 The above t h r ee  conditions a r e  not m e t  today, s o  the usefulness of 
surface-gravi ty  m e a s u r e m e n t s  i s  reduced.  F o r  example ,  one cannot d e t e r  - 
mine  sphe r i ca l  ha rmonics ,  f r o m  the da ta  available,  without s o m e  assumptions  
such  a s  model  anomal ies .  Used in combination with o ther  techniques,  su r f ace -  
g rav i ty  m e a s u r e m e n t s  provide addit ional  observat ion equations and cornparlsons 
3 . 4  Loca l  g rav i ty  cannot give much  information about v e r y  long-wave- 
-
length p roper t i es  of the g rav i ty  field. The lower  deg ree s  I = 2, 3 ,4 ,  5 a r e  
poorly de te rmined ;  they a r e ,  however,  pa r t i cu la r ly  well  de te rmined  by saleti- 
l i te  techniques.  Apa r t  f r o m  this considerat ion,  t he r e  i s  no preferent ia l  set. 
of ha rmon ic s  de te rmined  by su r f ace  gravi ty ,  unless  t he r e  i s  a "topographic" 
se lect ion.  The sa te l l i t e  ef fects  f o r  deg ree s  1 = 10, 11, . . . , 25 a r e  don~ ina t ed  
by resonances ,  and t he r e  i s  v i r tual ly  no information fo r  C I S  (1, 5) ,  C / S  (8, 61, 
and C I S  (1 ,7 )  f o r  P = lO ,11 , .  . . ,25.  
3. 5 The combination and compar i son  of sur face-grav i ty  anomal ies  b g  
-
and geopotential  anomal ies  6 +  involve the g rad ien t  of b + :  
Hence, the va r i ance  of b+ ,  de te rmined  f r o m  bg, i n c r e a s e s  m o r e  slowly than 
the var iance  of bg by the f ac to r  1 /(1 t 1) .  The effects of 0 4  f r o m  satellite 
per turbat ions  become v e r y  s m a l l  a s  4 i nc r ea se s .  The re fo re ,  the lower 
harmonics will  be  de te rmined  f r o m  sa te l l i t e  s tud ies ,  and the higher  ha rmon ic s  
iron1 su r f ace  g rav i ty  (Section 3 .4) .  
3 .  6 Rapp (1968)  has  pointed out that  in su r f ace -g r av i t y  ana lys i s  the 
-
ampiil tude of the sphe r i ca l  ha rmonic  coefficient  d e c r e a s e s  with inc reas ing  1 ,  
t he  varrance I nc r ea se s  with inc reas ing  1 ,  and they c r o s s  a t  approximately  
B = 18. Ef one adopts the posit ion that  the coefficients  c e a s e  to be  rmeaningful 
when they a r e  s m a l l e r  than t he i r  va r i ance s ,  then 1 = 1 8  s e e m s  to be  the l ~ m l t  
of usefulness of su r f ace -g r av i t y  m e a s u r e m e n t s .  
The r u l e  of thumb f o r  d e c r e a s e  of coefficient  s i z e  i s  
I-ience, C - 8  18, m - 3 X 1 0  , w h i c h i s  equivalent  t o 9 8 0  x ( 1 8 t l ) x  3 ~  1 0 - ~ = 0 . 5 6  
inga l  (Ssom equation ( 9 ) ) .  If we cons ider  the r e su l t  f o r  the va r i ance  of a 
5' x 5' s q u a r e ,  
w h e r e  r, es the number  of anomal ies  given in the 5" X  5" square ,  then f o r  
n = 25, we  have 
Even if w e  take the op t imis t i c  value of 6. 314 = 1. 6 rngal, it ha rd ly  approaches  
eht. 0. 56 m g a l  r equ i red .  
4. 1969 SMITHSONIAN STANDARD EARTH (SEII) 
4 .1  The  SEII (Gaposchkin and Lambeck ,  1970) was  de te rmined  p r ima r r l y  
P 
f r o m  opt ica l  t racking da ta ,  combined with significant  but not dominating 
amounts  of l a s e r  data .  The  number  of opt ica l  da ta  used in the f o r m  of skxriul- 
taneous  observa t ions  was  compa rab l e  to that  used in a dynamical  solution,  
The  f o r m e r  give informat ion about re la t ive  s ta t ion  posit ions,  and the analysis 
i s  re la t ively  f r e e  of assumpt ions .  
4. 2 The  de te rmina t ion  of s t a t ion  coord ina tes  i s  s ignificantly irnpsovtld 
-
by the u se  of both geome t r i c a l  and dynamica l  methods  f o r  two r ea sons .  FnrsC, 
a complete ly  di f ferent  ana lys i s  f o r  s imul taneous  observa t ions  was  n o k c o n -  
taminated by assumpt ions  made  in the dynamica l  solution. F o r  example ,  
s o m e  o rb i t s  w e r e  chosen  because  of l a r g e  gravi ty-f ie ld  ef fects .  These  cf iec ts  
degraded  the solution f o r  coord ina tes  dur ing e a r l y  iterations and the ssrx.ul- 
taneous observa t ions  canceled out t he se  b i a se s .  Second, the validatron of tbc 
r e s u l t s  1s c r i t i c a l  and was  made  poss ible  by the two methods .  
4. 3 A f u r t h e r  geome t r i c a l  da ta  s e t  was  included - the re la t ive  longrlddes 
-
and d i s t ance s  to the ax i s  of ro ta t ion of the JPL DSN sta t ions  - which strcmgth- 
ened the solut ion and provided a n  addit ional  check on the r e su l t s .  
4 . 4  Twenty-one s a t e l l i t e s  w e r e  used  in the dynarnical  ana lys i s .  Only 
-
s i x  of these  had any l a s e r  data .  In  addition, t he r e  w e r e  only f ive l a s e r  
s t a t ions .  The  21 s a t e l l i t e s  ranged f r o m  28" to 95' inclination. The var ta l lon 
in o rb i t a l  e l emen t s  was  sufficient  f o r  the s epa ra t i on  of the ha rmon ic s .  Thc 
complexi ty  of the f ield de te rmined  was  fixed by the a c c u r a c y  of the data (15 
to 20 m ) .  The  g rav i ty  f ield could be  complete ly  de te rmined  through P = 1 0 ,  
m = 10 f r o m  sa te l l i t e  data .  F o r  the 11 th -  and 12 th-degree  t e r m s  only 
C I S  (1 1 , 7 ) ,  C / S  (12 ,6 ) ,  and C / S  (12 ,9 )  w e r e  not de te rmined .  Higher ordcr 
t e r m s  se lec ted  w e r e  C I S  (1, l ) ,  13  51  5 16;  C I S  (1, 2) ,  13  5 Q 5 15 ,  C I S  
( 14 ,3 ) ;  C I S  (Q,12) ,13  5 8  5 19 ;  C I S  ( Q , 1 3 ) ,  13  5 1  5 21; and C I S  ( 8 ,  I 4 ) ,  
14 5 8  5 22. The 12th-,  13th-, and 14 th -o rde r  t e r m s  a r e ,  of c o u r s e ,  the  
resonan t  ha rmon ic s .  
4 - 5  The remaining ha rmon ic s  through 1 = 16,  m = 16 a r e  de te rmined  
in a combanation with the avai lable  su r f ace -g r av i t y  da ta :  935 300 X 300 n  m i  
squ"ares out of the 1654 poss ible  s q u a r e s .  Of these ,  only 136 had m o r e  than 
20 1" X 1" anomal ies .  The 16th  d e g r e e  and o r d e r  w e r e  chosen  to be the point 
w h e r e  the da t a  did not significantly contr ibute  to a n  extended f ie ld ;  i. e .  , the 
residuals w e r e  not reduced by  adding unknowns. In  addition, s o m e  s u r f a c e -  
g r a v t t y  anomal ies  w e r e  re jec ted  on a  3u c r i t e r i on .  General ly ,  these  re jec ted  
anornal:es w e r e  In regions  of significant  tectonic act ivi ty,  s u c h  a s  the P u e r t o  
Rrco  t r ench .  Hence,  the re jec ted  da t a  a r e  probably good, but not c h a r a c t e r -  
asrlc of the long-wavelength f e a t u r e s  of the g rav i ty  f ie ld  that we a r e  d e t e r -  
m i n i n g ,  
4-15 F l g u r e  1  shows the deg ree  va r i ance  and the s tandard  e r r o r  of the 
-- 
coeif lc ients  l o r  SEII. The coefficients  f o r  1 > 16 a r e  de te rmined  by the 
resonant  effects .  The s tandard  e r r o r  of the solution f o r  the ha rmon ic s  wll l  
apparent ly  c r o s s  the d e g r e e  va r i ance  l ine between 1 = 18  and 1 = 20, con-  
flrnieng S e c t ~ o n  3. 4. Since the ha rmon ic s  f r o m  I = 12  to 1 = 16  w e r e  nlost ly 
a c ~ e r i n r n e c l  b y  su r f ace  g rav i ty ,  this  r e s u l t  i s  - not independent of Section 3. 6. 
5. LASER TRACKING 
5. 1 The  p r e c i s e  m e a s u r e m e n t  of range  gives  one component of the s a t e l -  
-
i i t c l  p n s s l ~ c ~ n ,  F o r  zeni th  pa s se s  this  wil l  be  a  r ad i a l  component d r  that  i s  
l e s s  a i fec ted by the e a r t h ' s  g rav i ty  f ield.  Observing a t  lower  elevation angles  
f r~c ,as i ises  pa r t  of the a long- t racking component du,  which i s  genera l ly  the 
largest effect ,  and the a c r o s s - t r a c k  component dw, which i s  the s a m e  s i z e  a s  
dr-. F o r  the following d i scuss ion ,  we a s s u m e  that  we m e a s u r e  a  gene ra l  
co txponen t  of the posit ion and a r e  not r e s t r i c t e d  to the r ad i a l  component.  If 
w e  observe at a n  e levat ion of 30°, we ge t  4312  = 0 .87  of the a long- t rack  
5. 2 L a s e r  s y s t e m s  di f fer  in t h r e e  pr incipal  ways:  
-
A .  Accuracy .  The  f i r s t  s y s t e m s  w e r e  l imi ted  to a n  a c c u r a c y  of 1 . 5  m,  
and sor13e are s t i l l  a t  that  level .  Newer  s y s t e m s  have achieved a n  a c c u r a c y  
of 50 c m  ( L e h r ,  P e a r l m a n ,  and Scott,  1970; P e a r l m a n ,  L e h r ,  Mendes ,  and 
Wolf, 1970).  The  l imi ta t ion on accu racy  a r i s e s  f r o m  two s o u r c e s .  The f i r s t  
i s  the resolut ion of the equipment  Itself and is d i s cus sed  in L e h r  et a l .  (19'70) 
and P e a r l m a n  e t  a l .  (1970). The  second,  and ul t imate ly  l imi t ing,  s o u r c e  of 
e r r o r  i s  the de te rmina t ion  of r e f r ac t i on  f o r  the a tmosphe re .  The c u r r e n t  
a c c u r a c y  ( L e h r  e t  al . ,  1970; P e a r l m a n  e t  al . ,  1970; L e h r ,  P e a r l m a n ,  S a l r s b u r y  , 
and But le r ,  1969) of the re f rac t ion  co r r ec t i on  is sufficient. F o r  fu tu re  obsc svz -  
t lons whe re  s y s t e m  accu racy  1s improved to between 1  and 5 c m ,  the atmos- 
pher ic  co r r ec t i on  will have to be t r e a t ed  with g r e a t e r  precis ion,  perhaps  
along the l ines  de sc r i bed  in Hopfield (1 970).  
B. Repeti t ion r a t e .  The  number  of observa t ions  pe r  pass  r u c  from 5 
to 200. The p a s s e s  with 200 observa t ions  have been analyzed s t a t l s t ~ c a  iy, 
and the observa t ion  e r r o r s  ( r e s i dua l s )  have a  white noise  s p e c t r u m .  
C .  Acquis i t ion method.  The  SAO and Goddard Space Fl ight  Cen t e r  
(GSFC) s y s t e m s  have automatic-pointing capabil i ty and can  obse rve  24 h o u r s  
a  day.  Other  s y s t e m s ,  c .  g. , those  opera ted  by CNES and the Natlonal 
Technical  Univers i ty  (NTU),  Athens,  a cqu i r e  the sa te l l i t e  v isual ly  and can 
obse rve  only dur ing twilight. 
Some of these  di f ferences  a r e  re la ted .  F o r  example ,  the number  of 
obse rva t ions  i s  r e la ted  to the cooling s y s t e m ,  a s  i s  the power output, T h e  
l a t t e r  d e t e r m i n e s  the efficacy of daylight  observa t ions  and accu racy .  
5. 3 The min imum elevation f o r  succe s s fu l  observa t ions  could be as  low 
-
a s  15" o r  a s  high a s  30". The abi l i ty  to make  the a tmosphe r i c  co r r ec t i on  1s 
the controll ing fac to r .  
5 . 4  In o r d e r  to u se  l a s e r  t racking da t a  to de t e rmine  the geopotentrai ,  
-
we m u s t  s amp le  the g rav i ty  f ield everywhere .  We c a n  find out how many 
s ta t ions  a r e  n e c e s s a r y  f o r  comple te  coverage .  Table  1  l i s t s  f o r  a varscbty oi 
heights (h) the geocen t r i c  angle subtended (€I), the f r a c t i on  of the e a r t h ' s  
s u r f a c e  s amp led  by one s ta t ion  ( t j ) ,  and the number  of s t a t ions  n e c e s s a r y  lor 
an  a l m o s t  comple te  sampl ing of the whole e a r t h  (N  ) E a c h  quantrty 1s g i v e n  
s t a  
i::r ~ e n s i h  distances of 60" and 75", cor responding  to elevations of 30" and 
15", respectively. Also  computed i s  the subsa te l l i t e  h e ~ g h t  a t  m i n ~ m u m  
e i e v a t ~ o n  jh'), The  sa te l l i t e   must r e a c h  this  height to be observed  e v e r y -  
where at i r l ln i~num elevation.  The re fo r e ,  h '  would co r r e spond  to a  min imum 
a?ogee herght. 
5. 5 Table  1 i s  computed f o r  a  polar  sa te l l i t e ,  and F i g u r e  2 r e p r e s e n t s  
-
t he  computation graphical ly .  F o r  a  sa te l l i t e  of a r b i t r a r y  inclination the 
armount of the e a r t h  covered  wil l  be l e s s .  T h e s e  f i gu re s  can  be appropr ia te ly  
lnliidrf~ed by multiplying [ c  s in  (I t e) ]  by [Ns t a / s i n  (I t o)] .  
5, 6 It i s  qui te  apparen t  that  to obtain reasonab le  coverage  with a  modes t  
- 
r,an~bcxr o f  s ta t ions  ( say ,  < 50) f o r  sa te l l i t e s  with low apogee heights (say,  
< 1 M n i ) ,  we m u s t  make  observa t ions  a t  the min imum elevation of 15". 
5.. 7 This  ana lys i s  holds f o r  any ground-based t racking s y s t e m .  
.- 
6. FUTURE GRAVITY -F IELD DETERMINATIONS WITH 
LASER SATELLITES 
6- l Ln Sect ion 2 . 4  the decomposi t ion of a  sa te l l i t e  pe r tu rba t ion  into a  
sun? of products  was  de sc r i bed .  E a c h  t e r m  in the s u m  i s  of the f o r m  
.I, 
w h e r e  S 1s the gravi ty-f ie ld  coefficient;  b&"* i s  a  function of a ,  e ,  and 1 ill Qmpq 
1 ,and 1s vrr tual ly  constant  f o r  any sa te l l i t e ;  andJ[aw t p m  t y(S2 - s)] i s  a  
t r r g i ) n o ~ ~ i e t r i c  s i ne  o r  cos ine  function of the angula r  va r i ab l e s ,  a ,  P, y being 
i n t e g e r s .  Since -1 I S> 1 and the ampl i tude of S can  be  roughly e s t i -  P IT1 
ixated as 
-8, 
we c an  e s t ima t e  which t e r m s  b €  a r e  significant  by calculat ing 6 E"' 
I m p ¶  B rn pq ' 
Any C / S  ( I ,  m )  m a y  be n - ~ u c h  s m a l l e r  than the e s t ima t e ,  and the per turbat ion 
wil l  not, in  fac t ,  be  nece s sa ry .  Converse ly ,  t h e r e  could be  v e r y  large 
- 5  2  C I S  (1, m ) ,  which would be  ignored by u se  of the ru le  (10 1 ) These  two 
poss ibi l i t ies  m u s t  be  re invest igated a f t e r  the coefficients  a r e  de te rmined  
by examining the numer i ca l  values  o r  by looking f o r  unmodeled effects  in 
the o rb i t a l  r e s i dua l s .  
The t e r m  6 &  i s  a  gene r i c  elenlent ,  and i t  i s  m o r e  meaningful  to 
Impq  
co l lec t  the pe r tu rba t ions  of the  e l emen t s  into the per tu rba t ion  of the positron 
vec to r  with components  du,  dw, and d r .  The  to ta l  change i s  computed a s  
- 
2 2 2 112 (du t dw t d r  ) = dp. Values of dp x 1 0 - 5 / 1 1 ' 7  > 0 . 0 1  x a r e  k e p t  
a s  s ignif icant .  The value of I 1 . 7 .  IS used a s  a conserva t ive  e s t ima t e  of the 
d e c r e a s e  in the s i z e  of C I S  ( I ,  m ) .  We the r e fo r e  tend to keep m o r e  coefficients 
than nece s sa ry .  F o r  fu tu re  r e f e r ence ,  we give in Tab le  2 the es t imated  s i z e  
of C / S  (I, m). 
In Tab les  3 to 7 and 9 to 12  the 6 & a r e  col lec ted into dp and su~llrned 
i m p ¶  
ove r  p and q f o r  any I,  m. The  units  a r e  given s o  that  the product  of  the 
6 .  
numer i ca l  and gravi ty-f ie ld  coeff ic ients  mult ipl ied by 10 yields the p e r t u r -  
bation in m e t e r s .  F o r  example ,  in Table  3 (PEOLE sa te l l i t e )  f o r  1 = 3, 
m = 1 ,  dp = 271, and C 3 1  = 1 . 9  x l o e 6 ,  the to ta l  pe r tu rba t ion  due t o  C is  31 
1 . 9  X 271 = 515 m .  F r o m  one a spec t ,  the coefficients  a r e  sensi t iv i ty  
coeff ic ients .  
6. 2  Table  3 g ives  the comple te  l i s t  of sensi t iv i ty  coefficients  f o r  t h e  
proposed P E O L E  sa te l l i t e  through I = 20, rn = 20. We note two c h a r a c t e r r s ~ r c s  
of PEOLE:  1 )  f o r  any deg ree  I the s i z e  of the  pe r tu rba t ion  d e c r e a s e s  ~11th 
the o r d e r ,  and 2) t h e r e  a r e  no effects  f o r  m r 7 f o r  any d e g r e e ,  but al l  m > 6 
a r e  important through 1 = 20. 
Table  4 l i s t s  sens i t iv i ty  coefficients  f o r  sa te l l i t e  6508101 (OGO 2) for  
1 1  5 1 5 20. The m a i n  d i f fe rences  between OGO and P E O L E  a r e  shown a s  
fol lows: 
PEOLE OGO 
I 1 5" 8 7" 
a 7 .173  M m  7.343 M m  
per igee  730 k m  424 k m  
apogee 860 k m  1504 k m  
Note that f o r  OGO a l l  but a few coefficients  a r e  significant ,  although i t  has  
a larger s e m i m a j o r  ax i s .  Th is  i s  e ssen t ia l ly  due to the high inclination, 
because  OCO s a m p l e s  the f ield everywhere .  However,  the s i z e  of the lower  
o r d e r  t e r m s  i s  s m a l l e r .  The re fo r e ,  PEOLE will  be  s t r o n g e r  in de te rmin ing  
coefficients m 5 6. Also,  OGO has  resonan t  ha rmon ic s  of the 14th  o r d e r .  
OGO IS not a l a s e r  sa te l l i t e  and i s  given h e r e  f o r  i l lus t ra t ive  purposes  only. 
Higher  inclination sa te l l i t e s  s a m p l e  m o r e  gravi ty-f ie ld  coefficients ,  
and l o w e r  inclinations help to s e p a r a t e  the coefficients .  
6, 3 Table  5 gives  the sensi t iv i ty  coefficients  f o r  sa te l l i t e  6701401 (DID),  
a l a s e r  sa te l l i t e  of mode ra t e  height a t  I = 39'. Note that  1 )  i t  does  not s amp le  
the comple te  f ie ld  even  to Q = 10, m = 10;  2) m o s t  of the coefficients  to P = 15, 
rn = 1 5  are sampled ;  and 3 )  between P = 17 and Q = 20 a l i t t le  m o r e  than half 
the coefficients  a r e  sampled ,  and even  f o r  Q = 20, m = 5 the effect  i s  
0,025 x 18 = 0 .45  m. 
Table 6 gives  the  coefficients  f o r  sa te l l i t e  6503201 (BE-C).  We c a n  
determine the comple te  f ield with l a s e r  da t a  only to pe rhaps  P = 15, m = 15. 
6-4 Table  7 gives  the sens i t iv i ty  coefficients  f o r  the s even  l a s e r  s a t e l -  
P 
I i tes for Q = 20. As we previously  noted, not a l l  the coefficients  a r e  sampled :  
m = 7 ,  9 , 16 ,17 ,18 ,19 ,  20 a r e  not de t e rmined  a t  a l l ;  m = 6 , 8 , l O  a r e  v e r y  
weakiy de t e rmined .  A p a r t  f r o m  the resonan t  ha rmon ic s  f o r  Q > 20, a 
reasonable f ie ld  to Q = 20, m = 20 would al low o rb i t  ca lcula t ion to  a n  accu racy  
ai the data .  
6. 5 The seven satel l i tes  can determine 7 x 2 = 14 degrees of gravity- 
-
field coefficients. It i s  c l ea r  that the satel l i tes  a t  different inclinations a r e  
distinct (see Section 2. 5). We will show that the three satell i tes at  40' a r e  
a l so  distinct. This can be seen  by examining the ratio of the perturbation 
f o r  each order .  The analogy of spec t rum analysis shows that each order 
provides a l inear  equation relating the coefficients of a l l  degrees.  11 two 
satel l i tes  a r e  identical, these two equations will be the s a m e ;  i. e , ,  the 
coefficients of C will be in the s a m e  ratio.  We then investigate the ratio 
* P q ,  
of d p  (DID)/bpg,  (BE-C) in Table 8. We see  fo r  the odd degrees that 
1 9  m 
the rat ios  a r e  significantly different, a s  they a r e  for  the even degrees, ,  
Hence, the seven satel l i tes  do indeed constitute seven unique objects, 
6 .6 This selection of satel l i tes  will allow us to determine the field 
-
approximately to P = 18, m = 18. However, there  a r e  significant effects for  
higher o r d e r  harmonics that a r e  a t  best  weakly determined. We would suggest 
one o r  m o r e  additional satell i tes to aid this analysis.  A polar satell i te would 
be the bes t  choice since it samples  the field everywhere.  
Tables 9 and 10 give the effects for  the 18th-degree harmonics for  an 
inclination of 85" and a var iety of apogee and perigee heights. It 1s clear that 
the 450- by 500-km orbit  has the la rges t  sensitivity to the geopotential. 
Per igee  was a rb i t r a r i ly  chosen a t  450 km. The a i r  drag for  a geodetic 
satel l i te  a t  that height can be adequately t reated theoretically. F o r  example, 
the change in semimajor  axis for  satel l i te  6701401 is  l e s s  that 1 rn per revo- 
lution, and an analytical theory can be used to compute that perturbation. 
The general  "secular  o r  logarithmic" t e r m s  a r e  satisfactorily computed witla 
empir ica l  polynomials. 
F o r  a complete sampling of the gravity field direct ly  by use of geodetic 
satel l i tes  such a s  6701401 to 18th degree  and o rde r ,  the apogee height mus t  
be 550 km. F r o m  Figure  2, if +max = 7 5", we would need about 120 stations,  
c lear ly  an unreasonable number.  
6, 7 Determinat ion of sphe r i ca l  ha rmon ic s  to I = 18, m = 18 d e s c r i b e s  
the gravity field to a l inear  resolut ion of 
which is equivalent to a c en t r a l  angle 8 = 19P5. Refer r ing  to Table  1 ,  if 
"Pa,, == 7 5 O ,  we need roughly 30 s ta t ions  and sa te l l i t e s  with apogee heights 
(corresponding to h ' )  of a t  l e a s t  1. 3 Mm. 
3. ALTERNATIVE METHODS OF  GRAVITY -FIELD DETERMINATION 
BY SATELLITE TECHNIQUES 
3. 1 Satell i te  a l t ime t ry  to de t e rmine  the s e a  su r f ace  to a n  accu racy  of 
P 
1 nl and sa te l l i t e  - to-sate l l i te  t racking p r o m i s e  to provide significant  improve  - 
nlents 117. O U T  knowledge of the geopotential.  Nei ther  method yie lds  in forma-  
"con about  s r te  coordinates .  Both methods have o ther  u se s ,  such  a s  routine 
orbit maintenance.  The sa te l l i t e - to -sa te l l i t e  t racking used to improve  the 
gravs ty  f ield will need low sa te l l i t e s  f o r  the s a m e  r ea son  that  c l a s s i ca l  
n ~ e t h o d s  r equ i r e  lower  sa te l l i t e s .  The  pr incipal  advantages of these  methods 
are complete coverage  and reduct ion of s o m e  re f rac t ion  e r r o r s .  
7 ,  2 These  two methods of g rav i ty  de te rmina t ion  will  apparent ly  become 
--
usefi;i operat ional  s y s t e m s  within the  next 5 y e a r s .  They will  neve r  improve  
knowledge of the  long-wavelength phenomenon that  i s  de te rmined  f r o m  long 
integration effects in  the  c l a s s i ca l  method.  There fore ,  the t h r e e  methods 
should be combined.  
7.3 These two new methods r e q u i r e  p r e c i s e  t racking f r o m  the ground, 
which, presumably,  wil l  be  provided by l a s e r  and v e r y  long base l ine  i n t e r -  
fe rorne t ry  (VLBI)  t racking.  It  i s  apparen t  that  l a s e r  t racking will  become 
a vital. component in  these  future  methods.  
8.  FURTHER USES FOR LASER TRACKING 
8. 1 Any p r o g r a m  that  u se s  p r e c i s e  posit ional  informat ion on a global 
-
s c a l e  wil l  u l t imate ly  u s e  l a s e r  t racking in  s o m e  fo rm .  The  GEOLE project 
(Husson,  1969) is one such  p rog ram.  L a s e r  ranging,  pe rhaps  to  the m o o n  
o r  to  synchronous  s a t e l l i t e s ,  c a n  m e a s u r e  the polar  motion and rotat ion of thc 
ea r t h .  Of c o u r s e ,  l a s e r  t racking i s  ideal  f o r  routine o rb i t  maintenance,  The 
sa te l l i t e  s y s t e m  is complete ly  pass ive .  I t  provides  day and night opera t i c& 
with reasonab ly  s imp le  equipment.  
8 . 2  We now t u r n  to the d i scuss ion  of high sa te l l i t e s ,  which a r e  very 
-
s tab le  orbi t ing objects  with min ima l  pe r tu rba t ions  f r o m  the g rav i ty  fkeld, 
a i r  d r ag ,  and radia t ion p r e s s u r e .  Such sa te l l i t e s  of in te rmedia te  herght can 
be  used f o r  de te rmin ing  polar  motion,  va r ia t ions  in the rotat ion of the ea r t h ,  
s t a t ion  location,  and ul t imate ly  the t empora l  mot ion of observing s ta t rons ,  
which wil l  m e a s u r e  c r u s t a l  mot ion and e a r t h  t ides .  
Our  p r e s e n t  knowledge of the g rav i ty  f ield l imi t s  the usefulness  o f  such 
a sa te l l i t e .  Tab les  11 and 12 l i s t  the sensi t iv i ty  coefficients  f o r  two sateliites 
of th is  type. As expected,  the l ow-o rde r  t e r m s  a r e  the l a rge s t .  There are 
modes t  and manageab le  resonances .  Table  13 l i s t s  the f o r m a l  uncertaenlies 
f o r  the f i r s t  f ou r  d e g r e e s  resul t ing f r o m  the SEII solution.  If we c u n s e r v a -  
-6  t ively t ake  0 . 0  1 X 10 as the uncer ta inty  in any C /S  then f o r  SGi.01 we Pm Pm' 
would m a k e  a n  e r r o r  of 1 .  7 m f o r  C o r  1 . 4  m f o r  C ' f o r  SAOZ this error 22 41 ' 
r educes  to 0 . 8  m f o r  C 22' I t  i s  appa ren t  that  improvemen t s  in the gravity 
f ie ld  of the e a r t h  in  the next y e a r  o r  two wil l  e a s i l y  reduce  this  uncertainty 
by a f a c to r  of 10, which al lows a n  a c c u r a t e  enough de te rmina t ion  of the 
gravi ta t ional  pe r tu rba t ions  to ca lcu la te  the posit ion of the  sa te l l i t e  l o  20 crn, 
The  pr incipal  p rob lem with a high sa te l l i t e  wil l  be  the radia t ion pressure, 
Even  with e x t r e m e  m a s s  - t o - a r e a  ra t ios ,  the long - t e r m  effect  cannot be 
el iminated.  However,  with sui table  sa te l l i t e  des ign  th is  pe r tu rba t ion  can  h e  
computed with sufficient  a ccu racy .  F o r  example ,  f o r  a sa te l l i t e  with 
2 
-M;A = 3300 k g / m  , I = 80°, e  = 0.05,  pe r igee  = 2500 km,  and a = 9 .  345 M m ,  
the sho r t -pe r i od  effects  wil l  be  6 . 5  c m  in one revolution.  The  max imum 
perturbation, which i s  r ea l ly  a v e r y  long-per iod effect,  wil l  b e  40 c m  a f t e r  
one revolution.  The  shor t -per iod  per tu rba t ion  in  the rad ius  vec to r  in one 
revolution wil l  be  l e s s  than 1 cm.  Th i s  sa te l l i t e  would be  idea l  f o r  studying 
the ve r t i c a l  component of the e a r t h  tide, which i s  50 cm.  
l a s e r  t racking of synchronous  s a t e l l i t e s  would have the advantage of 
reducing the effects  of the uncer ta in t i es  in  the e a r t h ' s  g rav i ty  f ield.  The  
radhatnon-pressure  ef fects  a r e  g r e a t e r  s i nce  they a r e  propor t ional  to a.  
However, the geome t ry  of ranging is significantly degraded.  F o r  geomet r ica l  
p r o g r a r r i s  the heights of SAOl and SA02 a r e  p re fe rab le .  
9 .  CONCLUSIONS 
A, Even  with 1 0 - c m  l a s e r  observat ions  the  g rav i ty  f ield cannot be  
ciete.rrnined comple te  to 1 = 20, m = 20. 
B. By use  of opt ica l  da ta  on lower  sa te l l i t e s ,  in conjunction with l a s e r  
da ta ,  the grav i ty  f ie ld  c an  be de te rmined  accu ra t e ly  enough to ut i l ize fully 
1 6 - c r n  l a s e r  data .  With higher  sa te l l i t e s  the g rav i ty  f ield would be  accu ra t e  
enough t o  compute  1 5 - c m  o rb i t s .  
6 ,  In addit ion to  the resonan t  ha rmon ic s ,  many  higher  ha rmon ic s  wil l  
have to  be de te rmined .  Th i s  c an  be  done by combining su r f ace -g r av i t y  
data, opt ica l  da t a  f r o m  lower  sa te l l i t e s ,  and l a s e r  data .  
D. Kinemat ic  p rope r t i e s  such  a s  e a r t h  t ides ,  polar  motion, and c r u s t a l  
mot ion can be studied by m e a n s  of these  a c c u r a t e  l a s e r  data,  re la t ively  
unafiected by lack of knowledge of the g rav i ty  f ield.  
E, Without l a r g e  quant i t ies  of l a s e r  da t a  the goals  of the National 
Geodetic Sate l l i te  P r o g r a m  (NGSP) f o r  a 1 = 15,  m = 15 gravi ty  f ield cannot 
b e  reached without the u se  of su r f ace -g r av i t y  da ta .  
F. Current ly available surface-gravi ty data (classified o r  not) used  in  
combination with satell i te data will not permit  determination complete to 
I = 20, m = 20. 
G .  The NGSP goal of 10 m fo r  station-coordinate accuracy bas been 
reached for  some stations. The ult imate accuracy of l a s e r  s i tes  can be 20 
to 30 cm.  F o r  this accuracy to be achieved, an amount of data comparable 
to that used in the SEII must  be acquired. 
H. To attain the I = 20, m = 20 gravity field, we must  determine 420 
coefficients, requiring a computer memory  of 90, 000 words. In addition, 
to determine station coordinates and higher harmonics ,  say 30 stations and 
2 60 additional harmonics ,  we require  (420 + 30 X 3 + 60) / 2  = 163,008 words 
of computer memory.  
I. If we use satel l i tes  with apogee heights of 1. 3 Mm, we require  30 
stations to obtain complete global coverage of the gravity field, assunqing no 
observations below 15" elevation angle. 
J. The station selection should be such a s  to distribute the area cowered 
globally; the Southern Hemisphere in par t icular  has been inadequately covered 
in the past. In addition, a s  many a s  possible of the original Baker -Nunn 
s i tes  should be retained to allow bet te r  initial s tar t ing values and a tie to an 
iner t ia l  reference system. 
K. Assuming that the seven satel l i tes  descr ibed in Table 7 are dis t inct  
fo r  purposes of gravity-field analysis ,  we can separa te  14 harmonics ,  By 
use  of optical observations on other  satel l i tes ,  the lower harmonics are 
separated.  An advisable approach i s  to add three  l a s e r  satel l i tes  at distinct 
inclinations, say a t  30°, 50°, and 90". These could be retrograde o r  prograde, 
Retrograde satel l i tes  provide additional information on the odd zonal harmonics 
and a consistency check on timekeeping, both clock time and UTI. 
I,. F o r  o rb i ta l  maintenance,  such  a s  GEOLE, ATS-F ,  o r  ATS-G, fewer  
laser s ta t ions  would be needed. Indeed, it s e e m s  that  the geodetic p rog ram 
is maknng the g r e a t e s t  demands on l a s e r  sa te l l i t e  t racking.  
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Figure  1. Degree variances fo r  6 < 1 < 22 fo r  the combination solution. 
Kaula 's  rule of thumb is  indicated by the dashed line. F o r  2 < 1 < 6 
the degree  variances a r e  in complete agreement  with this rule. 
The lower curve gives the degree variances 
precis ion est imates  of the harmonics,  i. e . ,  1 /n '  
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Figure  2. Relation between maximum height and minimum number of stations 
f o r  global coverage. 
T
a
bl
e 
1,
 
D
e
p
e
n
de
nc
e 
of
 s
ta
ti
on
 v
is
ib
il
it
y 
o
n
 s
a
te
ll
it
e 
he
ig
ht
, 
Table 2. E s t ima t ed  s i z e  of C -5 2 -5 B,7 
.trn''gm = 1 0  / I  o r 1 0  / I  
6 in units  of 10 -  . 
Table 3 .  Sensitivity coefficients for satellite PEOLE. 
e = 0.0090616 a = 7.173158 Mm 
I = 15PO per igee  = 730 km 
n = 14.281930 rev lday  apogee = 860 k m  
Table 4. Sensitivity coefficients for  satel l i te  6508101 (060 2).  
e = 0.0735840 a = 7 .342592 Mm 
I = 87P37123 perigee = 424 k m  
n = 13.8026480 rev /day  apogee = 1504 k m  
Table 5. Sensit ivi ty coefficients  f o r  s a t e l l i t e  6701401 (DID).  
e = 0.0843130 a = 7.613973 Mm 
I = 39."45459 per igee  = 594 k m  
n = 13.064356 r e v l d a y  apogee = 1878 k m  
Table  6. Sensi t iv i ty  coefficients  f o r  sa te l l i t e  6503201 (BE-C) ,  
e = 0.025143 a = 7.50385 Mm 
I = 41."18464 per igee  = 936 k m  
n = 13. 35329 r e v l d a y  apogee = 1314 k m  

.I, 
Table 8. 6 pb ( D I D ) / &  p-. (BE-C).  
P,m P,m 
Table 9. Sensitivity coefficients for three hypothetical 
satelli tes of 85" inclination for 18th degree. 
pe r igee  (km) 
apogee (h) 
a (Mm> 
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Tab le  1 1. Sensi t iv i ty  coefficients  f o r  sa te l l i t e  SAOI . 
e =  0 .01  a = 8. 8656 M m  
I = 80:O per igee  = 2399 k m  
n = 10. 402 r e v l d a y  apogee = 2576 k m  
Table 12. Sensitivity coefficients for satell i te SA02 
I = 81PO perigee = 3390 km 
n = 8.859 rev/day  apogee = 3588 krn 
Table  13. F o r m a l  s ta t i s t i cs  f o r  SEII gravi ty  field. 
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Abstract  
A F C R L  has  been actively engaged in  the instrumentation 
of a sys tem for  laser-satel l i te  geodesy. The sys tem i s  a dual. 
l a s e r  concept to  obtain range using a Q switched l a s e r  and to 
obtain angular information by photographic reflected high energy 
normal  mode l a s e r  pulses  against s te l lar  f,'ields. The Q switc:hed 
l a s e r  system i s  capable of obtaining up to ten range measure -  
ments in a single pumping period which inc reases  the confidence 
in re turns ,  especially in  the presence of high noise. Satell.lt:e 
range measurements  have been made using only satellite position 
predictions. 
AFCRL has been engaged in the development of a geodetic: l a se r  
system in which the approach has  expanded into a dual l a s e r  c:oncept, 
One l a s e r ,  operating in the Q switched mode, i s  used for  satellite 
ranging. Another l a s e r  i s  operated in the normal  mode for  satellite 
illumination - sufficient for photographing the reflections in s t a r  fields. 
One advantage of such an approach i s  that fewer stations need to make 
observations f o r  geodetic reductions. This means that for  a given 
number of stations the t ime required for  geodetic positioning i s  reduced, 
mainly because of weather restr ic t ions,  i. e. a higher percentage of 
stations can be "weathered in" without seriously affecting the t ime scale. 
Other aspects  of the sys tem differ f r o m  "normal" in other ways also, 
The ranging l a s e r  i s  capable of obtaining up to  ten pulses in a single 
pumping period allowing ten range measurements  to be made in 300  
microseconds. The Haute Provence dual l a s e r  system operates  
alternately - a range measurement: i s  made and 4 seconds l a t e r  a 
normal  mode l a s e r  is  f i red for  a photograph; 4 sec:on.ds l a t e r  a range 
measurement ,  etc. - so a s  to avoid re turn  echo ambiguity. I t  i s  felt 
that the AFCRL sys tem will avoid ambiguity by virtue of the ten  range 
measurements  made by the multipulse l a se r .  Theref ore ,  the range and 
angle measurements  can be made nearly simultaneously. 
The range l a s e r  i s  Q switched with a Pockels cell  ten t imes  per 
pumping period, normally a t  a repetition ra te  of once pe r  30 micro--  
seconds (the rate can be varied). The output i s  about one joule per 
pulse  with half power  points  of 30 ns .  The output i s  p r e sen t l y  col l imated 
t o  two mi l l i r ad ians .  When the cooling s y s t e m  i s  completed the l a s e r  can  
b e  pulsed once e v e r y  t h r e e  seconds.  
S t a r t  pu l ses  a r e  genera ted  when the  l a s e r  i s  f i red .  The pu l s e s  a r e  
picked off the r e a r  of the ruby, sen t  t o  a photodiode through f ibe r  opt ics .  
The r e t u rn  i s  col lec ted by a 22 c m  te lescope  and then d i r ec t ed  t o  a n  EM1 
9550B photomultipl ier  a f t e r  pass ing  through a 10 A f i l t e r .  The P M T  high 
voltage is normal ly  off and i s  gated on f o r  f ive  m s  dur ing the t ime  the 
r e t u r n  i s  expected.  A mechan ica l  shu t te r  i s  a l s o  u sed  if the n o r m a l  mode 
Baser i s  opera ted  immedia te ly  before o r  a f t e r  the range l a s e r  but before  
the return i s  expected.  I t  h a s  been found that ,  even with the high voltage 
off during the t ime  of f i r ing  a high energy  l a s e r ,  the P M T  i s  e x t r e m e . 1 ~  
noisy when the high voltage i s  gated on up t o  20 m s  l a t e r .  
The e lapsed  t r a ~ l s i t  i m e s  a r e  m e a s u r e d  b y  a counter  s y s t e m  with 
one ns resolution.  Since t he r e  a r e  10 expected r e t u r n s  a t  specif ic 
intervals the counter  s y s t e m  m u s t  be range -gated 10 t imes .  Range-  
gating is accomplished by t iming de lays  r e f e r r e d  to  the Q res to ra t ion  
pulses. The  counter  s y s t e m  accep t s  a stop pulse  only dur ing a specif ied 
duration f o r  each of the t en  gates .  These  open- t imes  m u s t  be s m a l l e r  
than the in te rva l  between Q switched pu l ses .  If the range uncer ta inty  i s  
largeathen a s  well  a s  opening the range  gate,the r a t e  a t  which the Q i s  
restored m u s t  a l s o  be  lengthened. The method of set t ing the range ga tes  
is optional, depending on the mode of operation;  the min imum t ime  delay 
can  be p r e s e t  f o r  d i s c r e t e  t i m e s  by set t ing the values  by thumb wheel 
swi tches  o r  the  delay can  be s e t  in via punched pape r  tape a t  a r a t e  of 
once o r  twice p e r  second a s  p rog rammed ,  the l a t t e r  being used  when 
t rack ing  visually and f i r ing  the l a s e r  a t  will.  F o r  the c a s e  when only 
l a r g e  uncer ta inty  of the expected range i s  avai lable ,  the s y s t e m  can b e  
opera ted  a s  a single pulse  s y s t e m  with a n  inf in i te- t ime range-ga te ;  i .  e ,  
it i s  opened and r e m a i n s  open until  a s top pu l se  i s  genera ted  o r  until i t  
i s  r e s e t  in  the "no range"  condition. The counte r  s y s t e m  i s  started.  and 
stopped when the signal  r e a c h e s  p r e s e t  th resho ld  l eve l s  - the level  i s  set: 
accord ing  t o  prevai l ing noise  condit ions.  
The l lphotographic l a s e r " ,  opera t ing i n  the n o r m a l  mode,  i s  capable 
of about 500 joules output but c an  be pulsed a t  a f a s t e r  r a t e  with l e s s  inpu t*  
The f l a sh  l a m p s  a r e  wa te r  cooled and the 330 m m  by 19 m m  ruby i s  cooled  
t o  liquid ni t rogen t empe ra tu r e .  The 2 m s  b e a m  i s  col l imated to  2 mrad. 
When the output i s  about 200 joules the l a s e r  can be pumped a t  a rate oi 
once eve ry  t h r ee  seconds  f o r  a l imi ted  t ime .  The P C  1000 c a m e r a  used 
t o  photograph the r e t u r n s  h a s  a 10 deg ree  f ield.  The approach  used i s  t o  
obtain 5 r e t u r n s  spaced 3 seconds  a p a r t  in the s a m e  s t a r  f ie ld ,  swing the 
c a m e r a  and obtain ano ther  s e t  of 5 data  points  in. the s ame  pa s s .  Of coarse3 
range data  a r e  taken dur ing the en t i r e  p a s s  without in terrupt ion.  Depending 
on the p a s s ,  up t o  t h r e e  p l a t e s  c an  be exposed.  
Seve ra l  g roups  have succeeded in  photographing Q switched l a s e r  
pu l ses ;  i t  h a s  been o u r  exper ience  that  t h l s  p r e sen t  Q switched sy s t em 
i s  somewhat marg ina l .  Although photographs of the r e t u r n  have been 
succeslul with the Q switched l a s e r  under  favorable  condit ions,  i t  i s  fe l t  
that with the  re la t ively  l a r g e  divergence and s m a l l  c a m e r a  a p e r t u r e  
( 2 0 0  mrn) $hat much m o r e  re l iabi l i ty  can be achieved by using a l a s e r  
designed specif ical ly f o r  the purpose .  
The t,wo l a s e r s ,  power  supply and p u l s e r  f o r  the Poc,kels  ce l l ,  and the 
receiver a r e  mounted i n  the t rack ing  pedesta l .  (Modificat ions a r e  a l s o  
being made to  mount a CCTV c a m e r a  in  the pedesta l .  ) The P C  1000 c a m e r a  
i s  located a few m e t e r s  away and i s  opera ted  i n  a non- t racking mode.  The 
mount can be opera ted  by joy s t i ck  o r  in  a p r o g r a m m e d  mode.  In  the p r o -  
g r a m m e d  mode,  five s e t s  of az imuth and elevation ang1 .e~  a r e  dialed in to  the 
p r o g r a m m e r  using thumb wheel swi tches  with a resolut ion of 0.001 degree .  
The pedes ta l  automat ical ly  posi t ions  to  the f i r s t  s e t  and upon receipt  of a 
slew command pu l se  p roceeds  t o  the next  position. A s  soon a s  the pedestal  
goes  to  posit ion 2,  the f i r s t  s e t  can be changed t o  the sixth s e t  and s o  on. 
This allows continuous stepping of the mount f o r  an  en t i r e  pa s s .  
The accu racy  with which the pedes ta l  points  the l a s e r s  and  r ece ive r  
i s  about 4 a r c  seconds.  A print-out of the ang les  can a l s o  be made ;  th i s  
i s  e spec ia l ly  useful  when the sy s t em i s  opera ted  i n  the  joy s t ick  mode.  
When  the l a s e r  i s  f i r e d  a pulse  i s  genera ted  which i s  used  to  obtain a 
p r i ~ t - o u t  of t ime  of f i r ing and posit ion of the pedes ta l  at that  t ime .  
To  opera te  the s y s t e m  i t  i s  n e c e s s a r y  t o  s e t  thumb wheel  swi tches  on 
the clock f o r  the t i m e  a sequence i s  t o  s t a r t .  (The ce s ium control led  clock 
i s  a ccu ra t e  t o  one mic ro second  a s  compa red  t o  L o r a n  C and s e v e r a l  traveling 
clocks .  ) Using thumb wileel swi tches  on the "sequence con t ro l l e rE ' ,  the 
following functions a r e  p rog rammed :  the number  of l a s e r  f i r ings ,  up t o  7: 
the  i n t e rva l  between l a s e r  f i r ings ;  the i n t e rva l  between range l a s e r  and 
photographic l a s e r  f i r i ngs ;  the  range gate ( the length of t ime  between firing 
the range  l a s e r  and applicat ion of the P M T  high voltage);  the in te rva l  B e t w e e n  
Q r e s to r a t i on  pu l ses ;  thc min imum expected t r a n s i t  t i m e  de lays ;  and the time 
delay t o  s lew the pedes ta l  to the next  posit ion-delay with r e s p e c t  to Ease:r 
f i r ing .  Thengthe width of the gate i s  s e t  on the t ime  i n t e rva l  m e a s u r e m e n t  
s y s t e m  (TIM).  The width i s  the uncertainty of the range in microsecorrels 
and  no i se  o r  signal  pu l s e s  dur ing th i s  t ime  i n t e rva l  wil l  s top the coun t t  I-. 
S t a r t  and stop th resho lds  a r e  a l s o  s e t  on the TIM unit. F ive  s e t s  of Book 
ang les  a r e  p r o g r a m m e d  in  the  t rack ing  pedestal.  con t ro l  rac.k by m e a n s  of 
thumb wheel  swi tches .  
All  data  thus  f a r  col lec ted we re  taken using a hand-cranked mount 
and  i s ,  the re fore ,  l imi ted  in  volume. The mount was  incapable of housing 
both l a s e r  uni ts  and each h a s  had t o  take  i t s  tu rn  f o r  test ing.  The mos t  
immed ia t e  fu ture  p lans  include gather ing a sufficient amount  of data t o  
evaluate the sy s t em.  Using the mul t ipulse  approach ,  the di f ference i n  
range  vli.thin the 300 mic ro seconds  between the f i r s t  arid l a s t  pu l ses  in  a 
single f i r ing  have been observed.  Th i s  i s  another  a r e a  which will b e  
pursued  in  the n e a r  fu ture .  In  o r d e r  t o  a t ta in  m o r e  cons i s ten t  a c c u r a c y  
i n  both range and range  r a t e  m e a s u r e m e n t s ,  the pu l se  length wil l  be 
shortened. Some equipment modifications a r e  also in our future plans; 
they include: (1)  modification of the tracking pedestal  programming 
method. I t  i s  intended to program the mount with punched paper tape 
wlth provisions to manually offset f r o m  the program in order  to "update" 
at the l a s t  minute, and, possibly, provide for  a search  mode in which the 
pointing will deviate around the program in an order ly  fashion. ( 2 )  
C o o l ~ n g  the range l a s e r  i s  in  the immediate future. (3)  Provide 
temperature control fo r  the nar row band fi l ter.  ( 4 )  In addition, complete 
many  small  modifications to improve the system. 
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ABSTRACT 
The ins t rumenta l  e r r o r s  of the ruby - l a se r  s y s t e m s  of S m i t h s o n ~ a n  
As t rophys ica l  Obse rva to ry  (SAO) can  be  reduced f r o m  1 to 2 m to 20 to 50 cril 
by applying co r r ec t i ons  to the readings  of the t ime- in te rva l  coun te r s .  These 
co r r ec t i ons  a r e  obtained f r o m  osci l loscope photographs of the r e t u r n  pulses .  
The  co r r ec t i on  i s  the t ime  between the in te r sec t ion  of the coun t e r ' s  i l s top"  
threshold  and the centroid  of the pulse.  The accu racy  of the co r r ec t i on  
depends on how well  the threshold  and the centroid  c a n  be located on the 
photograph. I t  a l so  depends on the accu racy  with which the s y s t e m ' s  electr-leal 
delay can  be  m e a s u r e d .  The  s ta t i s t i ca l  p rocedures  that  w e r e  used for accurat i ,  
deterrrlinations of the threshold ,  the cen t ro id ,  and the delay a r e  desc r rbed ,  
The  r e tu rn s  f r o m  the ruby - l a se r  s y s t e m  a t  SAO's Mt. Hopkins Obse rva -  
t o r y  (Leh r ,  P e a r l m a n ,  Scott,  and Wohn, 1970) exhibit a  var ia t ion in  ssgnai 
s t r eng th  that  i s  typical of l a s e r  s y s t e m s .  The var ia t ion  i s  due in pa r t  to  Ikc 
fac t  that the s igna l  v a r i e s  inverse ly  with the four th  power of the sa te i l r te  
range .  I t  i s  a l so  due to a n  observed  "sc int i l la t ion,"  o r  random variation nn 
r e t u rn s  f r o m  the s a m e  sa te l l i t e  range.  The  s i tuat ion i s  i l lus t ra ted  In 
F i g u r e  1.  The  range  m e a s u r e m e n t s  a r e  affected by this  va r ia t ion  in signal 
This  work was  suppor ted in pa r t  by g r an t  NGR 09-015-002 f r o m  the N a t i o n a l  
Aeronau t ics  and Space Adminis t ra t ion.  
s t r eng th  wrhen they a r e  obtained d i rec t ly  f r o m  a  t ime- in te rva l  counter  that 
1s s t a r t e d  by the t ransmi t t ed  pulse and stopped by the received pulse.  The 
r e s o i u t ~ o n  of the counte r  i s  1  nsec ,  which co r r e sponds  to 15 c m .  But the 
durat lon e l  the pulse  is 18 nsec  (full width between half-power points).  Con- 
sequently,  coun te r  readings  corresponding to  a  given range can  v a r y  signifi-  
cantly r f  the counter  s tops  a t  d i f ferent  points on the pu l s e ' s  leading edge. 
The poant a t  which the counter  s tops  i s  the threshold  level  of the counter .  
Under cu s tomary  operat ing p rocedures ,  an  a t t empt  i s  made  to s e t  this  
threshold  a t  about half the ampli tude of an  ave r age  pulse .  The l a s e r  sy s t em 
L S  ca l rbra ted f o r  s u c h  a  pulse and s u c h  a set t ing,  but e r r o r s  wil l  be in t ro-  
duced when the r e t u r n  s igna l  d i f fe r s  f r o m  i t s  ave r age  s t reng th .  F i g u r e  2 
s h o w s  how the m e a s u r e d  range  v a r i e s  f o r  a  fixed theshold set t ing and a  100: l  
varaateon in  s igna l  s t reng th .  Such var ia t ions  can  be  expected in ac tual  
operat ron,  The  r m s  e r r o r  in such  range  m e a s u r e m e n t s  i s  probably a  l i t t le  
l e s s  than half the total  5-m var ia t ion  shown in  the f igure .  In principle,  this  
e r r o r  can be reduced by adjust ing the threshold  voltage fo r  predic t ions  of the 
s ignal  s t reng th .  Such predic t ions  a r e  based on a n  i nve r se  four th-power  
varlatson with range.  In p rac t i ce ,  a s  F i g u r e  1  shows,  the sc int i l la t ion 1s 
s o  large that s u c h  a  p rocedure  i s  not pa r t i cu la r ly  effective.  
Even  ~f a l l  re turning s igna l s  w e r e  of the s a m e  s t reng th ,  t h e r e  would 
selil be e r r o r s  re la ted  to the in te r sec t ion  of the threshold  and the pu l s e ' s  
leadnng edge .  These  e r r o r s  come f r o m  pulse-shape i r r egu l a r i t i e s  that  a r e  
due to the random e m i s s i o n  of e lec t rons  in the photomult ipl ier  tube. The 
f ewer  the number  of e lec t rons  p e r  pulse,  the m o r e  i r r e g u l a r  the pulse becomes  
The de ta l l s  of this  effect  have been de sc r i bed  by L e h r ,  P e a r l m a n ,  and Scott  
(1970). F i g u r e  3 shows ske tches  of typical  t r ansmi t t ed  and received pulses .  
Since the t r ansmi t t ed  pulse r e t a i n s  a  fixed shape  and s ize ,  the t ime  T 1  
between threshold  c ro s s ing  and centroid  r ema ins  constant .  I t  i s  the c o r r e s -  
pondsng t i me  T 2  f o r  the rece ived  pulse that  changes  considerably  f r o m  one 
sate1 l i te  r e t u r n  to another .  However,  the pulse- to-pulse  var ia t ions  in T 
C '  
the counter reading,  should have s igns  opposite to those in T and one should 2' 
Lend to compensa te  f o r  the o ther .  The  compensat ion i s  not perfect  because  
t he r e  are independent e r r o r s  of the o r d e r  of 1 nsec  in the counte r  readings  
and in the de te rmina t ions  of T 2 '  
The  measu remen t  of T i s  based on a knowledge of V the effective 2 2' 
threshold voltage. Since V2 depends somewhat  on the s lope of the pulse ' s  
leading edge, i t s  effective value was de te rmined  exper imental ly .  The rnetkiud 
involved finding the centroid of an i r r e g u l a r  pulse. I t  a l s o  yielded a n  accurate 
value of the e l ec t r i c a l  delay of the sy s t em.  The effective threshold,  the 
centroid ,  and the delay a r e  t rea ted  together  in the exper iment  descr ibed  
below. 
The exper iment  consis ted of 48 range measu remen t s  to a ground-basecl 
ref lector  a t  the Mt. Hopkins Observa tory .  The re f lec to r  was 776.  329 rn i'rorn 
the in tersect ion of the l a s e r  s y s t e m ' s  azimuth and al t i tude axes .  Twelve 
r e tu rns  w e r e  obtained a t  e ach  of four  se t t ings  of the threshold voltage, 
Neutra l -densi ty  f i l t e r s  reduced the r e tu rn  f r o m  the t a rge t  to a s t reng th  of 
30 e lec t rons ,  the level  of a typical  sa te l l i t e  re tu rn .  The calculated two-way 
t rave l  t ime  over  the 776.  329-m dis tance i s  5180.4 nsec .  This i s  the t ime 
between the peaks of the t ransmi t ted  and received pulses.  The sys t em d e l a y  
i s  the value that  the l a s e r  sy s t em gives  f o r  K in F i g u r e  3, l e s s  5180.4 nsec .  
This  delay i s  sub t rac ted  f r o m  sa te l l i t e  ranges  that  a re  measu red  to the 
centroid  of the re tu rned  pulse. 
L e t  us cons ider  ground- re f lec to r  r e tu rns  that  we re  obtained fo r  a given 
set t ing of the  threshold voltage. Since the  effective threshold voltage V2 
i s  unknown, i t s  value has  to be de te rmined .  The determinat ion i s  periorrned 
by a s s u m i n g  a number  of values of threshold voltage. If we le t  V designate  
these  a s sumed  va lues ,  we obtain r e su l t s  corresponding to those  sketched in 
F i g u r e  4. F o r  s impl ic i ty ,  this  f igure  i s  d rawn f o r  only 5 l a s e r  r e tu rns ,  but 
12 r e tu rns  w e r e  obtained in p rac t ice .  Seven a s sumed  values  of V a r e  shown 
in  the f igure .  Thus,  f o r  e ach  of the f ive r e tu rns  we have s even  values of T 2 
and one value of T the counter reading.  F i g u r e  4 shows 35 values  of 
c ' 
T + T plotted against  the 7 a s sumed  values  of V. According to F i g u r e  3, 
c  2 
Tc + T equals K when V = 2 V2. When V = V2, Tc  and T should have the 2 
g r e a t e s t  cor re la t ion ,  s o  the var ia t ion in T t T should be sma l l e s t .  This 
c 2 
f ac t  i s  used to find the unknown value of V I t  i s  that  value of V that gives 2' 
a min imum d i spe r s ion  of T + T In other  words ,  i t  i s  the a b s c i s s a  in 
c 2' 
Figure 4 whe re  the curve  "necks down. I '  The  cor responding  ordinate  i s  K,  
she quantity f r o m  which the s y s t e m  delay i s  de te rmined .  F i g u r e  4 i s  just  an  
s r ~ .  In p rac t i ce ,  V i s  found by computing the co r r e l a t i on  coefficient 2 
oi the ,measared values  of T and T and looking f o r  the point where  the 
C 2 
cor re la t ion ,  which is negative, has  i t s  g r e a t e s t  absolute  value.  
The m e a s u r e m e n t  of T values  f r o m  the photographs of the r e t u r n  pulses  2 
requires that  the centroid  of the i r r e g u l a r  pulse be  located.  F i g u r e  5 shows 
a t l-rangulas-shaped over lay  used f o r  this purpose .  The s ides  of the t r iangle  
are separated a t  t he i r  midpoints  by 18 nsec ,  the durat ion of the t r ansmi t t ed  
puise ,  The absolute  values  of the s lopes  of the two s i de s  a r e  equal  to e ach  
other and to the max imum slope of the pu l s e ' s  leading edge.  The  over lay i s  
moved horizontal ly until  the s i de s  of the t r i ang le  and the s i de s  of the pulse 
are sn best alignment,  a s  judged by eye. Other  methods  of centroid  d e t e r -  
sc~snation w e r e  t r i ed ,  but this  one, although s imple ,  turned out to be  quite 
accurate. 
F ~ g u r e  4 shows exper imenta l  r e su l t s  f o r  a threshold  se t t ing of 1 .  5 v. 
The c c r r e l a t i o n  coefficient  of T and T and a l so  the ave r age  of T + T2 a r e  
C 2 C 
plotted agains t  the a s sumed  voltage V. The  s t a t i s t i c a l  s amp le  consis ted  of 
12 returns, The  effective voltage c a m e  out to be  1 . 0  v, and the corresponding 
K value was 5268.4  nsec .  The  s tandard  deviat ion of T + T 2  a t  V2 was  
C 
2. 2 nsec, which when mult ipl ied by 1 5  c m / n s e c  gives  a range e r r o r  f o r  a 
1 ,  5-v  threshold  se t t ing of 33 c m .  The  s a m e  procedure  was  repea ted  f o r  
threshold se t t ings  of 0. 5, 1 . 0 ,  and 2 .0  v. In  e ach  ca se ,  V2, K, and the 
s tandard  deviat ion of T + T w e r e  de te rmined .  The four  values  of K w e r e  
c 2 
within an  in te rva l  of 0. 3 nsec .  T h e i r  average ,  5268.4  nsec ,  was then used 
to c o r r e c t  the V values  sl ightly.  The  c o r r e c t e d  value,  r a t h e r  than the one 2 
cor responding  to the ac tua l  m in imum of the co r r e l a t i on  coefficient ,  i s  shown 
in F i g u r e  6, 
F i g x r e  7 shows how the e r r o r  in T t T v a r i e s  with threshold  se t t ing.  1 2  
T- ' 
~ h r s  e r r o r  l i e s  between about 1 and 4 nsec  o r  about 20 to  50 c m .  I t  provides  
a n  e s t ima t e  of the ins t rumenta l  a ccu racy  that  c an  be  obtained f r o m  photographed 
pulses .  As  migh t  be expected,  i t  is l a r g e s t  a t  low threshold  values ,  where the 
s lope  of the pu l se ' s  leading edge i s  sma l l e s t .  
Th i s  method was  used to  de t e rmine  s e v e r a l  sa te l l i t e  ranges  f r o m  photo- 
graphed r e tu rn s .  In Table  1, the values  a r e  compa red  with the c o r r e s ~ o n d k n g  
ones obtained f r o m  the counter  readings  alone.  The  threshold  was  set at 
1 . 0  v. The  s tandard  delay,  which i s  used when photographs a r e  not availables 
co r r e sponds  to  a typical  point on the leading edge of a n  ave r age  pulse.  Its 
value  was  60 n s e c  f o r  the r e t u r n s  under  considera t ion.  The s y s t e m  delay 
that  c a m e  f r o m  the t e s t s  de sc r i bed  above i s  88.0  nsec .  Since i t  co r r e sponds  
to the pu l s e ' s  centroid ,  r a t h e r  than to a point on i t s  leading edge,  it i s  larger 
than the s tandard  delay.  Table  1 indicates  that  centroid  detect ion can 
apprec iab ly  reduce  the e r r o r  in the range measu remen t .  
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SOME COMMENTS ON THE PRESENT AND FUTURE VALUE 
O F  GEOMETRIC SATELLITE GEODESY 
K .  Lambeck  
1. PRESENT STATUS OF GEOMETRIC SATELLITE GEODESY 
Geome t r i c  sa te l l i t e  geodesy us ing s imul taneous optical  d i rect ion obse r -  
vations i s  a v e r y  powerful method f o r  obtaining accu ra t e  information on 
re la t ive  s ta t ion posit ions in the  f o r m  of d i rec t ions  between s ta t ions .  Th i s  
method h a s  the  advantage over  dynamic techniques in  that  it i s  independent 
of any orb i ta l  theory ;  consequently, a min imum of assumpt ions  have t o  be 
m a d e  when re la t ing physical  observat ions  t o  the  mathemat ica l  mode l  On 
the  other  hand, s imul taneous d i rec t ions  do not give information on the scale  
o r  t he  t rans la t ion  of t he  sy s t em,  and un less  t he  s ta t ion posit ions a r e  geo- 
me t r i ca l l y  wel l  distr ibuted,  the propagation of the  uncer ta int ies  in the 
s ta t ion coordinates  i n c r e a s e s  rapidly  if they a r e  not const ra ined by some 
f o r m  of s ca l e  control .  T h i s  i s  s e e n  in  F i g u r e  1, which graphically r ep re sen t s  
t he  r e s u l t s  obtained f r o m  the  geomet r ic  sa te l l i te  solution that  i s  part of the 
1 969 Smithsonian Standard E a r t h  (Gaposchkin and Lambeck,  1970) The 
or ig in  h a s  been fixed a t  s ta t ion 901 0 (F lor ida) ,  and the  sca le  ha s  been fixed 
by the  dis tance 9001 (New Mexico) t o  901 0. Despite the  l a rge  uncertaainties 
in some  coordinates ,  such a s  s ta t ions  9005 ( Japan)  and 9002 (South Africa), 
the  accu racy  of d i rec t ions  between s ta t ions  i s  s t i l l  v e r y  high. This is rllus- 
t r a t e d  in  Table  1 fo r  some  se lec ted  l ines  whe re  d i rec t ions  have not been 
d i rec t ly  observed  but have been computed f r o m  the  overa l l  geomet r ic  solu- 
t ion.  Tab le  2 shows some  d i rec t iona l  a ccu rac i e s  fo r  d i rec t ly  observed Pines 
T h i s  work was supported in p a r t  by g r an t  NGR 09-015-002 f r o m  the National  
Aeronaut ics  and Space Adminis t ra t ion.  
These  accurac ies  approach 1 prad for  l ines for  which many data a r e  avail-  
able. F o r  a 2000-km line th i s  r ep resen t s  about 2 m .  F o r  numerous l ines  
SAO has  la rge  numbers  of uilreduced data that  could provide, when reduced, 
directional accuracies  of this order .  Comparisons with these attained 
accurac ies  and with the theoretically expected values have indicated that the 
influence of systematic  o r  model  e r r o r s  in the data has  been reduced ve ry  
considerably. One important feature of the SAO geometric solution that 
helped reduce some of the tempora l  systematic  e r r o r s  - f o r  example, s t a r  
catalog e r r o r s  and refract ion - is that the observing campaign was ca r r i ed  
out over a t ime interval  of at  leas t  2 years ,  and in many cases  5 or  6 
yea r s .  Thus,  SAO has  built up a data se t  that will provide a ve ry  valuable 
basis  fo r  future observing programs.  
The importance of the geometr ic  solution in establishing a geocentric 
re ference  sys tem is il lustrated by the r e su l t s  of the 1969 Smithsonian 
Standard Ear th .  In this  new solution a comparison was made between the 
station positions determined by the geometr ic  and the dynamic methods 
before a final combination was made. These  comparisons enabled us  to  
verify the accuracy es t imates  made f o r  the individual solutions and to  adopt 
an optimum weighting procedure in the final combination. Based on the 
resu l t s  of these comparisons,  we fee l  justified in saying that the position 
accuracy of the fundamental Baker-Nunn network is  better than 1 0  m.  The 
importance of the geometr ic  solution i s  fur ther  emphasized when we compare 
the resu l t s  of the new Standard Ear th  with those of the 1966 Standard E a r t h  
(Lundquist and Veis, 1966). Table 3 gives the coordinate differences. F o r  
the stations where it was possible to  make comparisons and combinations in 
both solutions, the difference between the two Standard Ear th  solutions l ies  
within the accuracy claims made  f o r  the respect ive solutions. 
F o r  stations where the 1966 geometr ic  solution was poor (the Z compo- 
nents of stations 9007 and 9011) or nonexistent (a l l  coordinate components 
of stations 9002 and 9003), the difference between the two Standard Ear th  
r e su l t s  i s  l a rge r .  F o r  stations 9007, 9011, and t o  a l e s s e r  degree,  9002, 
considerably m o r e  data were  used in the new solution, and comparisons 
between the geometr ic  and the dynamic solutions support the accuracy claims 
for  the new solution. 
Some comparisons a r e  given in F igure  2, which shows projections of the 
station-station vector - a s  determined f r o m  the geometric and the dynamic 
solutions - onto a plane normal  to  this  vector. Both vectors have been con- 
s t rained to  pass  through the same point a t  one of the stations so  that the dif- 
fe rence  in the diagrams between the geometr ic  and the dynamic solutions 
ref lects  the uncertainties in the coordinates of both stations. 
In addition to  contributing t o  the coordinates of the global system, the 
geometr ic  solution a s s i s t s  in separat ing two important and correlated fac tors  
in the dynamic solution: namely, the difference between the computed and 
the observed satell i te positions i s  a function of uncertainties in the station 
coordinates and cer ta in  t e r m s  in  the e a r t h ' s  gravity field. These  differences 
a r e  analyzed in o rde r  to  compute correct ions to  the coordinates and to  the 
gravity field. F r o m  combination of the geometric coordinate information 
with the dynamic resul ts ,  an improved separation of these two fac tors  i s  
possible, leading to  a gravity field that gives better comparisons against 
surface gravity than does the gravity field determined solely f rom the 
dynamic solution. 
2. FUTURE REQUIREMENTS FOR GEOMETRIC SATELLITE GEODESY 
The orbital  theor ies  developed at  SAO include a l l  perturbations with 
magnitudes grea ter  than 0. 5 m.  Thus, l a s e r  data of 1 -m accuracy will 
enable station coordinates to  be determined with an accuracy a l so  of about 
1 m. 
At this  level of accuracy and sophistication of orbital  theory, the appli- 
cation of geometr ic  satell i te geodesy of comparable accuracy is  essent ial  
for  both comparison and combination purposes in order  to detect and elimi- 
nate any uncertainties in the resu l t s  and to  separate  the orbital  perturbations 
caused by uncertainties in the station positions and in the ea r th ' s  gravity 
field. 
The geomet r ic  solution t o  date h a s  been a lmos t  en t i re ly  based on d i r ec -  
t ion o b ~ e r v a t i o n s ,  but some  initial work on the combination of l a s e r  range  
data with optical  d i rect ion data  h a s  been c a r r i e d  o u t i n  F r a n c e  and at SAO. 
The  resulks have a l ready  indicated the  impor tance  of t h i s  method f o r  obtain- 
ing station posit ional  informat ion that  i s  of a n  accu racy  comparable  t o  
the expected r e su l t s  f r o m  dynamic sa te l l i te  geodesy. 
The s imp le s t  approach  is t o  observe  t he  sa te l l i t e  s imul taneously  with a 
conlbination of l a s e r s  and c a m e r a s  f r o m  two stat ions:  l a s e r s  and c a m e r a s  
at both s ta t ions ,  c a m e r a s  at both s ta t ions  but a l a s e r  a t  only one, o r  l a s e r s  
at both s ta t ions  and a c a m e r a  a t  only one. An optimization of the  many  
variables that  en te r  into solutions of th i s  kind has  a l ready  been d i scussed .  
Tke feas ibi l i ty  of such  a p r o g r a m  h a s  been shown in t e r m s  of available s a t e l -  
lites, ins t rumentat ion,  and observing t ime  span (Lambeck,  1968). But one 
of the problems  of combining l a s e r  r e su l t s  with optical  data  i s  t he i r  differ-  
ence in accu rac i e s .  L a s e r  ranging now gives accu rac i e s  of about 1 t o  2 m ,  
4 
or  bet ter  than 1 in  10  , whereas  d i rec t ions  can be obtained with an accuracy  
5 
of about 1" t o  2", o r  1 in 10 . Another p rob lem i s  t o  obtain exact ly  s imul-  
taneous observations.  The  par t i a l  an swer  t o  the  f i r s t  p rob lem i s  re la ted  
50 the second - namely,  t he  use  of curve-fi t t ing methods,  interpolating f o r  
a i :ct i t ious instant .  Th i s  reduces  random e r r o r s  in the data  and e n s u r e s  
s t r i c t  s imultaneity.  F o r  the Baker-Nunn c a m e r a ,  however,  the  accu racy  
of such a fict i t ious observat ion is cur ren t ly  about 11'5 and can be improved 
to about 11'0 with m i n o r  modif icat ions  in the  reduction p r o c e s s  (Lambeck,  
6 
P 967). Thi s  s t i l l  r e p r e s e n t s  an accu racy  of only about 5 in 10 , a s  compared 
6 
t o  I in BO f o r  l a s e r  range  data.  
But t he r e  i s  s t i l l  another  possibil i ty fo r  making optimum use  of the l a s e r  
data .  F i r s t ,  we m u s t  employ d i rec t iona l  data  between the s ta t ions;  t he se  
data, de te rmined  by s imul taneous di rect ion observat ions  collected over  the 
4 years, can r e a c h  accu rac i e s  approaching 1 in 10 . Thi s  information can 
be introduced into t he  adjustment  of s imul taneous l a s e r  optical  data  a s  
quas i -observed  quanti t ies.  Second, we m u s t  observe  the  sa te l l i t e s  in 
favorable posit ions such that  the va r i ances  in  the di rect ion observat ions  have 
a minimum influence on the accuracy of the desired distance of the station- 
s ta t ion vector .  
F o r  example, i f  the sate l l i te  P i s  observed by c a m e r a s  from stations 
S 
P and P and by a l a s e r  f r o m  station P the distance L of the station-station 
a b a' 
vector  i s  re la ted to  the observed quantities by 
s in  (e  t B b )  
a L = r  
a s i n 9  9 b 
where 0 .  is the angle subtended at point P. by the other two points in the 
1 1 
t r iangle  P P P and r i s  the observed station-satellite range from P 
a b s "  a a 
Applying the law of combination of var iances  gives 
u 
2 
sin2 0 
a 2 
L a 2 
- a a sin2 0 s in  (0 t 9 ) b a b  
and the problem becomes one of finding, for  given var iances  of the observed 
range  and the observed angles 8 Ob,  the geometr ical  configuration required 
2 a' f o r  (u ) t o  be minimum. Severa l  possible examples  a r e  discussed in the L 
next section. 
Geometr ic  sate l l i te  geodesy using l a s e r  range observations may also 
take the f o r m  of t r i l a te ra t ion  - simultaneous range observations f r o m  at 
l eas t  four stations.  The  advantage of this method i s  that no directional data 
a r e  required,  s o  the full accuracy potential of the l a s e r  i s  used; with laser 
data accurate  t o  about 2 0  cm, re la t ive station positions can be determined 
with an accuracy of perhaps 1 0  cm. 
A s  an example ,  given four  s t a t ions  s i tuated on the c o r n e r s  of a 1000-km 
square and a sa te l l i t e  of height H, with n observa t ions  uniformly dis t r ibuted 
through the common visibi l i ty a r e a  of the four  s ta t ions ,  the  re la t ive  accu racy  
of the station posit ions can be exp re s sed  by 
f o r  a ,-r,axkmurn zeni th  d is tance  of observat ion of 6 0 " .  F o r  z = 75" ,  
m a x  
F o r  ~r = o- = 2 0  cm,  about 120 observat ions  a r e  r equ i r ed  in the  f o r m e r  
x r 
case, and about 2 5  in the l a t t e r .  
For global geodesy,  however,  the method does  r equ i r e  a dense  d i s t r i -  
bution or' s ta t ions ,  pa r t i cu la r ly  with the  sa te l l i t e s  cur ren t ly  in orbi t ,  and 
its applicat ion appea r s  to  be l imi ted t o  a r e a s  where  continental dr i f t  o r  
large- scale  c r u s t a l  mot ions  a r e  suspected.  L a s e r -  r e f l ec to r -  c a r ry ing  
satellites with a l t i tudes  of about 3500 to 4000 k m  a r e  v e r y  des i rab le  f o r  th is  
purpose .  
iMore important ,  t r i l a t e r a t i on  does  not give any absolute d i rect ional  
.nCnrniation, s o  it cannot contribute t o  k inemat ic  s tud ies  of polar  mot ion o r  
earth rotation. 
Several  combinations of l a s e r  and d i rec t ion  observat ions  a r e  possible,  
e ach  of which h a s  s o m e  advantage,  depending on the si tuation in which they 
a r e  employed. In  the  following sec t ion  t h r e e  ins tances  a r e  t r e a t ed .  
A. Range observations f r o m  both stations,  directions f r o m  one station, 
and the direction between the two stations a r e  known with a high d e g r e e  of 
accuracy.  
B. Range and directions f r o m  both stations a r e  known, but there is no 
a p r io r i  knowledge of the direction of the station--station vector .  
C .  Range and directions f r o m  both stations, a s  well a s  the direction of 
the station-station vector,  a r e  known. 
3 .  AN OPTIMIZATION OF PARAMETERS FOR SIMULTANEOUS 
RANGE AND DIRECTION OBSERVATIONS 
Case  A 
The observed quantities a r e  the dis tances  r -  and r, and the direction 
__C ._ 
d U 
P P [6 (a - 8)  1 .  The direction P P has  been determined a prisri 
a s as '  a s  a b  
f rom,  fo r  example, simultaneous direction observations.  The angle Q is 
a 
given by 
C O S  8 = 
a 'ab'as + m + n abmas abnas ' ( 1 a] 
with 
[COS "0s (a - "1 
= c o s 6  s i n  (a - 8)  
s in  6 
The distance L can be expressed  a s  
L = r cos 8 + r cos 8 
a a b  b ' 
with 
Applying the law of propagation of var iances to  equations (2) yields the 
accuracy S with which L can be determined a s  a function of the accuracy of 
'the observed quantities. If we assume that the two ranges are  measured 
- 
with equal accuracy, i. e . ,  u2 = u2 = u2 then 
r r b I '  a 
C 0 S 2  (9 + eb) + 1 2 2 a s in  (Ela + eb) s = u2 + r2  2 2 
cos eb  2 cos e b  - a 
Differentiating equation (1 a) yields 
- sin 0 dB = (Pmn)as 
a a a b  > 
- 
and if w e  assume that the accuracy of the direction P P can be written a s  
a s 
IT 
___) 
and the accuracy with which the direction P P i s  known a s  
a b  
then propagating variances through equation (3) gives 
Hence,  
2 0s ( B a t  eb)  + 1 2 2 2 r s in  (ea + 0,) S = cr2 + b 2 2 r 2 u 2  + u ) , (4a) 
cos2 8 s in  @ a s  ab  cos O b  b a 
o r ,  al ternatively,  
2 
os (ea t ob)  t 1 2 2 2 2 L sin (oa  t ~ ~ ) ( o - a ~  t Fa,) s = 2 r 2 . Q 4 b )  
cos o b  cos e b  
If n s e t s  of observations have been made, the accuracy with which the d i s -  
tance L can be determined i s  
s2 will be a min imum when 0 = 0' o r  1 80' and will be infinity when b 
B b  = 90". 
The curva ture  of the ear th ,  the sate l l i te  height, and the maximum 
zenith distance a t  which observations can be made  impose l imi t s  on t h e  pos- 
sible values fo r  0 and 0 T o  expres s  0 and e a s  functions of zenith 
a b' a b 
distance z,  sa te l l i te  height H,  subsatel l i te  distance q ,  and azimuth P of the 
__C a 
subsatell i te point relative to P P we use the following relations ( s e e  
a b' 
F igu re  3), where R i s  the radius  of the earth:  
1 
a 
s in  q = s in  z . - - 'b 
a a R t H  , s i n q  b = s i n 2  . - b R i H  ' 
cos  q - cos  * cos  q b cos q - cos * cos ^ri a ; cos p = a C O S  p = b > a s in  + sin q b s in  + sin 7 
a b 
* * cos  8 = cos p s in  z cos - - cos z s in  - 
a a a 2 a 2 '  
$ * 
cos 0 = cos p s in  z cos - - cos z s in  - b b b 2 b 2 - 
2 The function 5 is evaluated a s  a function of q and P i n F i g u r e  4 fo r  
2 1 /2 
some typical values of L and H for  u2 = 2 m ,  u = (a2 - t u ) = 11'0, and r s a3  ab  
Z 
ma.x 
= 75" and zmax = 60" 
F o r  a given maximum zenith distance a t  which observations can be made  
and l o r  a = 8, cos 8 i s  largely independent of the  distance L (o r  angular dis-  b b 2 
tance 4). This  i s  verified when the min imum value of S i s  computed for  
satel_lI.tes with different heights and fo r  var ious  values of L .  F igure  5 gives 
2 these minimum values of S a s  well a s  the  number  of observations required 
t o  determine the distance L with an  accuracy  equal t o  u if the observations 
r 
a r e  made  when the sate l l i te  i s  nea r  the optimum positions. The r e su l t s  a r e  
- 
given for 1 )  z = 75", irr = 2 .0  m. uL 11'0; 2) zmax = 60°,  r r  = 2. 0 m, 
m a x  
F2 = 11'0; 3 )  1 "a. = 7 5 " ,  u = 2 .  0 m ,  u = 21'0; and 4 )  z = 75", 0- = 1. 0 m ,  s m a x  r s m ax  r 
0 -  = 0 .  Clearly,  i t  becomes desirable  to observe a s  close t o  the horizon 
S 
a s  possible a t  a l l  t i m e s  and to  m e a s u r e  the angle 8 with a s  g rea t  an accuracy 
a 
a s  possible. An improvement in  the accuracy of the range observations does 
zobl significantly reduce the number  of observations required.  
W i t h  Baker-Nunn c a m e r a s  the accuracy  of an  interpolated direction 
observation i s  cur ren t ly  about 11'5 but can be improved to about 11'0. Then, 
____C 2 if the direction P P i s  known a p r i o r i  with high accuracy,  u2 = 1. 0 a r c s e c  . 
a b  s 
bf the direction has  not been determined f r o m  simultaneous observations 
but can be computed f r o m  the coordinates derived f r o m  a dynamic determina-  
2 2 
tion, then cr i s  ol the order  of about 1" and cr =: 2. 0 a r c s e c  . The dynamic 
a s  s 
and geometr ic  solutions f o r  the length L would, however, no longer be 
independent. 
If t he re  a r e  c a m e r a s  at  both stations,  the satell i te can be observed 
simultaneously with both l a s e r s  and cameras ;  but the optimum configuration 
will be different, s ince 8 i s  now a n  observed quantity. This  i s  discussed b 
furelher below. Alternatively, we can observe the satell i te with one c a m e r a  
and the t.i);.o l a s e r s  when the optimum configuration occu r s  for  th i s  combina- 
tion, o r  we can observe the sate l l i te  with the two l a s e r s  and the other c a m e r a  
when the appropriate configuration occurs.  The advantage of this alternative 
approach i s  that the satellite need be visible only f r o m  the camera. site i f  the 
l a s e r  at  the other s i te  is powerful enough to  obtain daylight re turns .  
The requirement that the satell i te be observed in a very limited part of 
the sky is ra ther  stringent and could resul t  in a long observing program. 
But this  should not be a r e a l  problem, since only a smal l  number of obser- 
vations i s  required, the l a s e r  a t  P can be operated in daylight if  it is power- b 
fu l  enough, and severa l  re t roref lec tor -car ry ing  satel l i tes  a r e  available. 
This  point is  i l lustrated fur ther  by examples in Section 4. 
Case B 
Let  us  consider now the case  where the satell i te i s  observed simuitane- 
ously with both cameras  and l a s e r s  f rom the two s i tes  and where no precise 
information i s  available on the relative stations positions. Then, 
where 
cos 9 = P t m  m + n  
s ' a s b s  a s  bs asnbs . 
With 
propagating var iances  through equation (5) g ives  
2 2 2 (ra t rb ) [ l  t cos  (ea t Ob)]  t 4 r a r b  cos  (9 a t eb)  
2 F o r  given L and H, S i s  a min imum f o r  a sa te l l i te  position midway 
between P- and P ( s e e  F i g u r e  61, and t he  l a r g e r  the dis tance L, the  s m a l l e r  
2" b 
will be S . The  re la t ion  between L, H, and S 2 i s  given in F i g u r e  7 for  
2 m in  i s  v e r y  dependent o = 2 -  0 rn and u = 1!'0. We s e e  tha t  f o r  t h i s  case ,  Smin 
S S 
on both L and H. On the  o ther  hand, the  r e s u l t s  i n  F i g u r e  7 a r e  independent 
of z at l e a s t  i n  t he  range  of 60" t o  75", s ince  when t he  sa te l l i te  i s  
rn axa 
midway between the two s ta t ions ,  i t  is general ly  a t  a zeni th  dis tance of l e s s  
than 60". 
For t h e  Gase B combination of observat ions ,  the sa te l l i te  m u s t  always 
be visible f r o m  both s ta t ions  and daylight observat ions  a r e  not possible.  
C a s e  G -
If, in addition t o  both d i rec t ions  and ranges ,  the di rect ion of the station- 
station vector  i s  known, we obtain two e s t ima te s  fo r  the length L: 
r s i n  (8 t O b )  
a a I, = 1. s i n  8 , b 
r b  s in  (8 t O b )  
a L = 2 s i n  8 s 
a 
and an adjustment  m u s t  be made  t o  obtain a unique and m o s t  probable value 
f o r  L, The accu racy  e s t ima te  f o r  t h i s  adjus ted length i s  given by 
4 4 
2 s in  8 t sin 8 s2 = u4 t [ l  t cos ( B a t  Ob)] a 
4 r 
sin4 0 . sin 
a 
[cos (Ba  + Bb)  sin 8 + sin Bb] 2 
t a 
sin4 a 
[cos ( B a  t O b )  s i n e  + sin 8 ] 2 0- 2 
t b a s 4 2 9 
s in  O b  sin (Ba  t Elb) 
with 
2 In Figure 8, S i s  evaluated for L = 1500 krn, H = 1000 krn, by use of 
cr = 2. 0 m and u = 1f'O. 
r s 
L The function S is a minimum for a given L and H when either 63 or 8 
a b 
i s  a s  large a s  possible, which occurs  when (8 t 8 ) is a maximum. - i. e .  , 
a b  
when the angle subtended at the satellite by the two stations i s  a 1minim.m. 
L The minimum values of S a s  a function of L and H a r e  given in Figure 9 
for  z = 75'. F o r  zmax = 60°, the relationship becomes l e s s  dependent 
max 
on H. The average values of S2 a s  a function of L a r e  indicated by the 
broken line in Figure 9 
4. SOME EXAMPLES 
A s  par t  of the  ISA.GEX observing p r o g r a m  scheduled f o r  1970-71, 
it is intended t o  obtain s imul taneous  range  and di rect ion observat ions  between 
s e v e r a l  s tat ions:  
8@15 Haute P rovence  ( l a s e r )  
9 004 San  Fe rnando  ( l a s e r  and Baker-Nunn) 
902 9 Nata l  ( l a s e r  and Baker-Nunn - daylight l a s e r  observat ions  
wil l  be poss ible)  
9091 Athens  ( l a s e r  and Baker-Nunn) 
9041 Daka r  ( l a s e r  and Baker-Nunn) . 
Determina t ion  of the following d i s tances  wil l  be at tempted:  
From the 1969 Smithsonian Standard E a r t h  r e s u l t s  and f r o m  the  Cent re  
I 
National  d iE tudes  Spa t ia les  RCP-133 r e su l t s ,  the d i rec t ions  of the t r i ang le  
8 0 $5-9004-9091 have been accu ra t e ly  de te rmined  by the geome t r i c  method.  
For :Lines SO1 5-9004 and 801 5-9091, C a s e  A is t he r e fo r e  appropr ia te ,  while 
for the  line 9004-9091, C a s e  C is the  m o s t  suitable.  F o r  the l ines  9004- 
Dakar  and 9029-9041, Case  B h a s  t o  be used,  s ince  no di rect ional  informa-  
tion o n  t h e se  v e c t o r s  is cu r r en t l y  avai lable .  F i g u r e  10 gives the  number  of 
observa t ions  n e c e s s a r y  t o  de t e rmine  the  s ta t ionrs ta t ion  vec to r  with a n  
accuracy of 2 m ,  a s suming  the  opt imum conditions a r e  sa t is f ied .  Cu rves  
for three sa te l l i t e s  a r e  given. T h e s e  and o the r s  can be const ructed f r o m  
the general c a s e s  given in F i g u r e s  5, 7, and 9. If cr = 1!'0, u = 2 .  0 m ,  
s r 
and 2, = 75" ,  only 14 observat ions  a r e  r equ i r ed  t o  de te rmine  the d i s -  
rn a x  
tance 801 5-9004 with a n  a c c u r a c y  of about 2 .  0 m ,  and 18 observat ions  a r e  
r e q u i r e d  f o r  the  dis tance  801 5-9091. F o r  t he se  l i ne s  any sa te l l i te  a t  any 
height can be observed  with equal  ef fect iveness .  F o r  the  l ine 9004-9091 the 
number  of observat ions  requ i red  v a r i e s  between about 10  and 16, depending 
on the  sa te l l i t e  height. F o r  the  remain ing  two l ines  the si tuation i s  less 
favorable .  In  both ins tances  the sa te l l i t e s  m u s t  be observed when they arc 
n e a r  per igee ,  a s  height now plays a v e r y  c r i t i ca l  role.  F o r  example,  using 
Geos 1 f o r  the  l ine 9004-9041, about 94 observat ions  a r e  requ i red  if the 
sa te l l i t e  is observed n e a r  apogee, whereas  only 16 observat ions  a r e  requ i red  
when the  sa te l l i t e  i s  n e a r  per igee .  A s imi l a r  number  i s  requ i red  for 
Geos 2 observat ions  a t  per igee .  
The  long line Natal-Dakar will p r e sen t  some  prob lems ,  s ince  observa- 
t ions  n e a r  per igee  will  not always be possible because  sf the e a r t h ' s  curva- 
t u r e .  F o r  a height of about 1200 km,  at l eas t  20 observat ions  a r e  required. 
F o r  both these  l ines  the si tuation will be considerably  improved i f  the 
station-station di rect ion i s  a l s o  known ( C a s e  C). 
5. CONCLUSIONS 
F o r  a success fu l  p r o g r a m  of s imul taneous di rect ion and range obser- 
vations,  the  following points m u s t  be considered:  
1 .  The  satellite-station configuration i s  ex t remely  c r i t i c a l  in Gases  A 
and B if the  number  of observat ions  a r e  t o  be kept t o  a min imum.  The 
conditions a r e  such  that  a par t i cu la r  sa te l l i te  sa t i s f i es  t hem only ve ry  
occasionally,  but with the  s ix  r e t ro r e f l ec to r -  c a r ry ing  sa te l l i t e s  now avail- 
able,  sufficient data  can  be collected in a n  observat ional  period of about 
6 months .  
2. It i s  important  that  the  di rect ion of the statiorr-station vec tor  be 
independently observed by s imul taneous di rect ion observat ions  with an 
accu racy  of about 01'5 o r  be t te r .  Th i s  c an  be done by use  of m o r e  favorable 
sa te l l i t e s  and the  optimizations d i scussed  by Larnbeck (1 969). 
3 The direct ion observat ions  should be accu ra t e  t o  about 11'0 or  be t te r .  
W i t h  care, t h i s  can be achieved fo r  synthet ic  Baker-Nunn observat ions ,  
particula.rly a s  the  l ines  d i scussed  h e r e  a r e  mos t l y  in  the  Nor thern  Hemis -  
phere  and s t a r s  of f a r  south declinations a r e  not requ i red  in the f i lm-  reduc-  
tion proces s .  
L a s e r  range  accu rac i e s  of about 1 o r  2 m a r e  adequate fo r  th is  
observat ional  p rogram.  Improved range accu rac i e s  do not significantly 
reduce the number  of observat ions  required.  
5 .  Ii the in ters ta t ion dis tances  a r e  t o  be determined with accu rac i e s  
bet ter  than about a m e t e r ,  r ange  observat ions  only in the  f o r m  of spat ia l  
t r i l a te ra t ion  should be used.  High-altitude r e t ro r e f l ec to r - ca r ry ing  sa te l l i t e s  
\vial be requ i red  fo r  this .  
6. For the  1 -m range  accu racy  and for  low lase r - f i r ing  repet i t ion r a t e s ,  
interpolation methods fo r  obtaining synthetic s imul taneous observat ions  a r e  
adequate if the di rect ion observat ions  a r e  t aken  on e i t he r  s ide  of the  range 
measerernent  and if the  interpolation i s  c a r r i e d  out a t  the  instant  a t  which 
the  latter observat ion i s  made .  
7. F o r  spa t ia l  t r i l a t e r a t i on  e i t he r  v e r y  rap id  repeti t ion r a t e s  a r e  
required or the  l a s e r s  m u s t  be synchronized s o  that exactly simultaneous 
observat ions  a r e  possible.  F o r  20-cm accu rac i e s ,  th is  m e a n s  that  the 
absolute t i m e  a t  each  stat ion mus t  be known to  within about 20 psec  and that  
rbe laser can be f i r e d  on command. L a s e r s  employing Pockel  ce l l s  f o r  
triggering the f i r ing a r e  appropr ia te  fo r  th is .  
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Table 2. Direction cosines of station-station vectors. 
Station 
Table 3 .  Differences in the coordinates a s  determined in the 1966 
and 1969 Standard Ear th  solutions. The large discrep-  
ancies occurred a t  stations where no comparisons or  
combinations of independent solutions were possible in 
the 1966 solution. 
X Y z 
Station (m) (ml  (m)  
q c m  ; z r n  
. d 
L-4 "2 61 
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0 Q: 
m c  Cd 
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'a -1 
k c 0 0  
0 U L ,  
I prad 
C---l 
I prad  
- 
HEIGHT 
I0 m 
C--------l 
- AZIMUTH 
F i g u r e  2 .  Representation of some comparisons for  directions between s ta-  
t ions derived f r o m  the geomet r ic  solution A ,  the dynamic 
solution o , and the combination solution 0 . 
Figure 3. Station-satellite configuration geometry. 
2 Figure 4 .  Evaluation of S for  L = 1500 km, H = 1 0 0 0  km for the case  of 
range observations f r o m  Pa a n d P b .  Thc  direction observations 
f rom Pa and the direction of Papb a r e  known (Case  A ) .  The  
l imi t s  of the conlmon coverage a r e a  a r e  shown for z 
m ax 
= 60"  
and z = 75". 
m a x  
2 F i g u r e  5. Evaluation of Smin f o r  Case  A and the minimum number  of obse lb -  
vations r equ i r ed  (N) t o  de te rmine  the dis tance between the stations 
with a n  accu racy  of 2 m. 
2 F i g u r e  6. Evaluation of Smin f o r  L = 1500 km, H = 1000 k m  f o r  the ca s e  of 
range and d i rec t ions  observed  f rom both Pa and Pb, but with no 
informat ion on the  d i rec t ion  Papb (Case  B). T h e  l lmi t s  of the 
common coverage a r e a  a r e  shown for  z = 60"  and 
= 75".  m ax z 
rn ax 
2 Figure  7.  Evaluation of Smi, and $in f o r  Case B a s  a function of satellite height W and interstation lstance L. u = 2 .  0 m, cr = B I ' O ,  
= 75". r Z S 
m a x  
2 F i g u r e  8. Evaluation of S for  L = 1500 km, H = 1000 krn for the case of 
range and direct ion observations f r o m  Pa an< Pb and with p r c -  
c i se  direction information for  the vector  Papb (Case C ) .  The 
l imits  of the common coverage a r e a  a r e  shown for z = 60" 
rn ax 
and z = 7 5 " .  
rnax 
2 Figure  9. Evaluation of Smi, and n for  Case C a s  a function of satellite 
height and interstation distance. cr, = 2 .  O rn, c r s  = l !'O, 
Z = 7 5 " .  
rn ax 
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In t roduct  ion  
The Goddard Mobile Laser Tracking System MmUS) i s  a  pulsed ruby 
l a s e r  r ada r  designed p r i m r i l y  t o  t r a c k  s a e e l l i t e s  equipped w i t h  o p t i c a l  
corner  r e f l e c t o r s .  The system began opera t ions  i n  Pate 1968 a t  Goddara 
along s i d e  t h e  Goddard Experimental Laser Tracker w i th  which it %#as 
intercompared. It was during t h i s  Enit iaP a e r i e s  a f  t e a t s  t h a t  t h e  
NOBUS f i r s t  d e m n s t r a t e d  t h e  a b i l i t y  t o  t r a c k  s a t e l l i t e s  in dagrlight, 
Since then ,  t h e  t r a c k e r  has  been moved t o  Carnarvsn, AugtraEia; Mt, 
Hopkins, Arizona; and back t o  Goddard f o r  eo l locae ion  t e s t s  and par t fc ipa-  
c i o n  i n  v a r i o u s  world-wide concentrated t r a c k i n g  e f f o r t s .  B e s e n t P y ,  
t h e  MWLAS i s  i n  New York s t a t e  f o r  t h r e e  months i n  support 06 t h e  
b e l i d n a r y  Polar  Mot ion  Expe r imnt  Q P M ) ,  
F igure  1 shows t h e  MaBLAS i n s t a l l a t i o n  a t  Carnarvon. The Tracking 
Pedes ta l  i s  v i s i b l e  a t  t h e  f a r  r i g h t  and t h e  Control  Van can be seen 
j u s t  t o  t h e  l e f t  of a  small  bu i ld ing  near t h e  Tracking Pedes ta l .  Not 
shown i s  a  Power Van conta in ing  d i e s e l  gene ra to r s  f o r  use when adequate 
power i s  not  a v a i l a b l e .  
The Tracking Pedes ta l  can be seen i n  g r e a t e r  d e t a i l  i n  F igu re  2 ,  
The l a s e r  i s  loca ted  w i t h i n  t h e  a i r  condi t ioned enc losure  j u s t  v i s i b l e  
i n  t h e  lower l e f t  corner  of t h e  p i c t u r e .  The l a s e r  i s  s t a t i o n a r y  and 
t h e  l i g h t  i s  d i r e c t e d  t o  t he  t e l e scope  on the  l e f t  through a  c o e l l o d t ~ t ~  
a po r t ion  of which i s  v i s i b l e  on t h e  azimuth a x i s  j u s t  above t h e  p l a t f o r n ~  
l e v e l .  The c e n t r a l  t e l e scope  c o l l e c t s  t h e  r e f l e c t e d  pulae and the  
t e l e scope  on t h e  r i g h t  i s  f o r  opera tor  use.  


T- r r , ; t n  C:la:ac;crf s t i c s  
.A- - .- 
",c c ! l a r ac t e r i s t i c s  t o  be descr ibed  do not  inc lude  improvement s  
scion t o  b e  incorporated f o r  t h e  P M ,  but a r e  v a l i d  f o r  a l l  p r i o r  
measurements, The c h a r a c t e r i s t i c s  a r e  shown i n  F igure  3 .  
Thc 0.5 jou le  output i s  obtained from a  Goddard-built q-switched 
<r,icr i s c i l l a t o r  whose a c t i v e  element i s  a  ruby rod 318 inch i n  diameter 
znd r lomi i~a l ly  6 inches long, The q-switch, a  r o t a t i n g  prism wi th  
bleachable dye c e l l ,  i s  ad jus t ed  so t h a t  a  s i n g l e  18 nanosecond, 
0,5 jotale pu lse  i s  emit ted each time t h e  l a s e r  i s  t r i g g e r e d .  These 
parameters a r e  measured a t  l e a s t  once each s h i f t  by use of a  s u i t a b l e  
tlaermopile and osc i l l o scope  and monitored a t  a l l  o ther  t imes by an  
isscikloscope. The l a s e r  i s  water cooled and has  been operated up t o  
19 q l n u t e s  a t  a time a t  a  one pulse  per second r a t e  w i t h  output c h a r a c t e r i s t i c s  
a-e:iia<~ing cons tan t  within 30%. The beam divergence f i g u r e  i s  based on 
a nominal 5 m i l l i r a d i a n  t o t a l  angle  a t  t h e  l a s e r  which i s  reduced t o  
the IJ3 m i l l i r a d i a n  va lue  by t h e  15 power t r a n s m i t t i n g  o p t i c s ,  These 
o p t i c s  a r e  of s u f f i c i e n t  diameter t o  prevent v i g n e t t i n g .  
The r ece ive r  ape r tu re  shown is  the  nominal value.  The e f f e c t i v e  
va lue  i s  more n e a r l y  15 inches.  The r ece iv ing  te lescope  i s  a  cassegra in  
type and has a f o c a l  length  of 227 inches and a  f i e l d  of view of 
5 mi l l - i rad ians  . However, to reduce background noise ,  e s p e c i a l l y  during 
day l igh t  opera t ions ,  the  f i e l d  of view i s  reduced by a  fie1.d s top  t o  
match the t r ansmi t t ed  beam width,  Addi t iona l  no ise  r educ t ion  i s  achieved 
by p lac ing  a  102 f i l t e r  centered a t  69432 i n  t he  o p t i c a l  path. This  configura-  
tion has been found s a t i s f a c t o r y  f o r  ranges  out t o  a t  l eas t2000 km when 
opera t ing  i n  day l igh t  w i th  GEOS-B. 
1 0  6 
LASER ENERGY / PIJT..SE 
PULSE WIDTH 
RE PET I T  I ON RATE 
BEAM DIVERGENCE 
RECEIVER APERTURE 
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TIMING ACCURACY 
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15- 2 5 NANOSECONDS 
1 PPS 
I / 3 MILLIRADIAN 
1 b INCHE S 
1 / 3 MILL IRAD IAN 
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+ 5 0  MICROSECONDS TO USNO 
FIGURE 3 
The range r e s o l u t i o n  i s  l imi t ed  t o  10 nanoseconds by t h e  Range 
s-7- a I m e  I n t e r v a l  Counter p re sen t ly  being used. The accuracy of t h i s  
counter a s  quoted i s  + 10 nanoseconds f t ime base accuracy. To d a t e ,  
11 
the time base accuracy has been held t o  w i th in  2 p a r t s  i n  10 r e f e r r e d  
t o  the standard o f f s e t  frequency broadcast  by WWVL. 
The t iming accuracy s t a t e d  i s  conserva t ive ,  i n s o f a r  a s  t he  MOBLAS 
t i m e  s tandard i s  concerned. By t h e  use of VLF measurements and f l y i n g  
c locks ,  i t  i s  es t imated  t h a t  t ime was known t o  wi th in  + 15 microseconds 
a t  Carnarvon and t o  f 5 microseconds elsewhere,  The reason f o r  t he  + 
50 microseconds i s  t h a t  t h e  l a s e r  f i r i n g  time i s  not measured t o  a  
greater  accuracy,  
B lcck 
-- 
To  understand the  MOBLAS from a func t iona l  viewpoint,  one might 
s t a r t  wi th  F igure  4, t h e  Block Diagram. Most of t h e  F igure  i s  s e l f -  
explanatory, t h e  system being r e l a t i v e l y  a  simple one. However, one 
should note  t h a t  t h e  Range Time Counter i s  a c t i v a t e d  by t h e  leading  
edge of t he  s t a r t  and s top  pulses .  The e f f e c t  i s  t h a t  l a rge  amplitude 
v a r i a t i o n s  i n  t h e  rece ived  energy can and do cause t h e  range measurements 
t o  appear b iased .  However, t h e  magnitude of t h e  b i a s  i s  l imi t ed  roughly 
t o  the width of t h e  l a s e r  pu l se ;  i . e . ,  t o  l e s s  t han  3 meters .  In  f u t u r e  
ve r s ions  of t h e  system, t h e  d e t e c t i o n  c i r c u i t r y  w i l l  be  modified t o  
overcome t h i s  source of e r r o r .  
Point ing and da t a  handling a r e  performed by t h e  computer, Experience 
has shown t h a t  t r a c k i n g  ope ra t ions ,  e s p e c i a l l y  i n  d a y l i g h t ,  a r e  much 
improved i f  r e a l  t ime adjustments  can be made t o  s a t e l l i t e  p red ic t ions .  
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The major source of p r e d i c t i o n  e r r o r  encountered so f a r  has been t h e  
u n c e r t a i n t y  i n  t h e  ins tan taneous  va lue  of mean anomaly. The c o r r e c t i o n  
t o  t h i s  problem i n  an ope ra t iona l  sense has been t o  eva lua t e  the  predic-  
t i o n s  i m e d i a t e l y  a f t e r  each pass t o  o b t a i n  even tua l ly  a  h i s t o r y  of 
ad  j u s t m e r i t  va lues  t h a t  can be ex t r apo la t ed .  
"81 improve poin t ing  accuracy, a  p e r i o d i c  as t ro~~omica l  c a l i b r a t i o n  i s  
p e r f a m e d  on t h e  instrument .  The procedure i s  t o  t r a c k  40 or  50 s t a r s  
spread throughout t h e  v i s i b l e  hemisphere and t o  use t h e  measurements t o  
adjust t h e  c o e f f i c i e n t s  of a  po in t ing  e r r o r  model t o  reduce i n  a  l e a s t  
square sense t h e  d i f f e r e n c e  between observed and ca l cu la t ed  pos i t i ons .  
The rms of t h e  r e s i d u a l s  a f t e r  t h e  adjustment i s  t y p i c a l l y  from 6 t o  8 a r c  
seconds, The c o e f f i c i e n t s  a r e  used during a  pass t o  ad ju s t  po in t ing  
angles t o  t h e  co r r ec t  va lues  and a f t e rwards  t o  co r r ec t  recorded angular  
data , 
The computer has  turned  ou t  t o  be a  powerful t o o l ,  bo th  f o r  t h e  
de te rmina t ion  of t h e  adjustment va lues  and f o r  t h i r  use.  
Data 
The MOBUS i s  geared t o  t h e  handl ing  of a  f a i r  amount of t r a c k i n g  
data p e r  pass.  A s  a n  example, F igure  5 shows a  p l o t  of t h e  r e s i d u a l s  
for two passes  of GEOS-B taken a t  Carnarvon. The upper one con ta ins  
457 obsser.vations, t h e  lower,  402. One advantage i s  t h a t  i t  i s  easy  t o  
decide which p o i n t s  a r e  acceptab le .  A second i s  t h a t  ope ra t iona l  func- 
tions such a s  s a t e l l i t e  a c q u i s i t i o n  and con t inu i ty  of t r a c k  a r e  immeasurably 
e a s i e r  to implement, t hus ,  a s s u r i n g  an adequate accumulation of da t a .  
A t h i r d  i s  t h a t  u s u a l l y  a  good range of measurement geometry i s  obtained 
f o r  co l loca t ion  type experiments.  To i l l u s t r a t e  t h e  accumulation of da t a ,  

SUMMARY OF CARNARVON LASER RANGE DATA 
FIGURE: 6 
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Figure 6 
Figure 6 shows a summary of the data taken a t  Carnarvon. 
Ava i lab i l i ty  of the  da ta  i s  c e r t a i n ly  another fac tor  t h a t  mst be 
considered. The MOBLAS can process i t s  own data and transmit aL1. or 
par t  by t e le type  t o  t he  experimenter wi thin  hours a f t e r  it  i s  taken, 
This was s t a r t ed  a t  Carnarvon and has been continued during every 
experiment since then. Although i n  e a r l i e r  t e s t s  not f u l l y  corrected 
f o r  r e f r ac t i on  e f f ec t s ,  t h e  data now i s  f u l l y  corrected f o r  a l l  k n s m  
parameters and i s  a s  accurate a s  t h a t  submitted t o  the Data Center; i,e,, 
average r m s  of f i t  t o  short a r c  of 1.2 meters. 
Future Plans 
In the near fu ture ,  modifications w i l l  be incorporated t o  increase 
range time measurement reso lu t ion  by an order of magnitude and t o  eliminate 
sources of b ias  and e r ro r  such a s  t ha t  inherent i n  the  present range 
measurement technique and i n  c e r t a i n  time measurements. The met hods 
a r e  known, only t he  implementat ion remains. 
GEODETIC LOCATION O F  A S H I P  A T  SEA 
WITH  C-BAND !?ADAR RANGE DATA 
MILTGM HILLHOUSE 
A I R  F O R C E  EASTERN T E S T  RAtiGE 
MAY 1970 
Presented a t  the  GEOS- I1  Eeviz2:i Cgnference zt Goddard Spacz  Cent?r 
22-24 June 1970 

s o l u t i o n  f o r  average s h i p  v e l o c i t y  vec to r  i n  l e a s t  squares s o l u t i o n ,  
( 2 )  Use of s h i p  navigat ion da ta  (SINS) f o r  r e l a t i v e  s h i p  p o s i t i o n ,  
and ( 3 )  Use of ocean bottom transponder i n t e r r o g a t i o n  da ta  f o r  
r e l a t i v e  s h i p  pos i t ion .  
The r e s u l t s  of t h e  s h i p  loca t ion  t e s t s  conducted a t  t h e  AFETR 
were cvdluated t o  an accuracy of about f i v e  f e e t  by a  network of land 
based theodo l i t e s  which tracked t h e  moving s h i p  as  the  s h i p  t racked 
the s a t e l l i t e ,  The t h e o d o l i t e  measuremnts were a l s o  used t o  
s imula te  an " idea l "  t ransponder a r ray  t o  provide r e l a t i v e  s h i p  
posi l i o n s .  The complete t e s t  d s i g n  included simulat ion t e s t s  as  
well as t e s t s  w i t h  r ea l  da ta .  Simulations were used t o  s tudy the  
$01 lowing va r i ab les :  
a. Recovery of radar  range b ia s  
b. Maximum e leva t ion  of s a t e l l i t e  
c. Use of radar  range-only versus aziquth and e l eva t ion  w i t h  
range da ta ,  
d.  Various por t ions  of s a t e l l i t e  pzss. 
Thts abbreviated d iscuss ion  w i l l  he l i n i t e d  t o  a  review of sone of the  
r ep resen ta t ive  r e s u l t s .  
DATA COLLECTION 
The data f o r  these t e s t s  were col lected a t  separate  pertods, 
The f i r s t  t e s t  was conducted July  22-23, 1969, Due t o  p r io r i  "cy 
problems, no addit ional  passes were scheduled un t i l  September 1969, 
The second t e s t  was scheduled and seven passes wzre col lected i n  
December 1969. The l a t t e r  t e s t  has no absolute reference, T a b l e  1 
shows the revolution number and the dates of radar t rack,  I t  was 
intended t o  co l l ec t  more land based radar data f o r  the  reference 
o r b i t  b u t  p r i o r i t y  prevented using more than two land based radars 
i n  some cases. 
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DATA REDUCTION 
Two separate  data reduction routines were evaluated f o r  this 
study. The f i rs t  method t r e a t s  the  data exact ly  l i k e  a f ixed l ~ n d  
based radar s i t e .  Ship 's  radar data a r e  transformed t o  a f ixed s i t e ,  
Each data point  requires a r e l a t i v e  posit ion f o r  the  ship. The ship". 
radar data were precessed f o r  i n p u t  t o  the  NITE computer program as 
Convert, Scale Edi t ,  Correct S t ab i l i z e ,  cor rec t ,  
t r a n s f o m  t o  f ixed 
geodetic posit ion 
(X,V,Z ca r t e s i  an)  
I 
Transform t o  
Radar A,E,R 
The second data reduction method u t i l i z ed  the  radar range d a t a  
a f t e r  processing through GEST, The range only sh ip  data a re  i n p u t  
along w i t h  ea r th  f ixed E, F ,  G s a t e l l i t e  data i n t o  the HESP computer 
program. Input in fomat ion  required consis ts  of (1)  s a t e l  l i Qe t ra jec tory  
points in  an ea r th  centered, ea r th  f ixed coordinate system ( 2 )  s h i p  r a d a r  
range data a t  times coincident w i t h  the  s a t e l l i t e  t ra jec tory  coordinates,  
and ( 3 )  e i t h e r  r e l a t i v e  ship posit ion points o r  a p r io r i  est imates o f  
sh ip  posit ion and veloci ty  a t  epoch. 
As indicated above, i f  the  sh ip  does not have unifom posit ion 
changss o r  vel oci Qy , re1 a t i  ve ship  posit ion coordinates may be i r ~ p u t  
d i r ec t l y  and the  equations of motion f o r  the ship a re  by-passed and 
the a d j u s h e n t  process i s  ef i t i re ly  unaffected by e r r a t i c  sh ip  motion,  
TEST RESULTS 
a,  NITE Computer Program. - The land based radar range data 
and the sh ip ' s  radar range data are used to  simultaneously estimate 
the o rb i t  and to  locate the position of the ship. The NITE computer 
program i s  capable of adjusting f o r  a range bias. Results f o r  th i s  
liml t e d  ser ies  of t e s t s  indicated no s ignif icant  improvevent when 
r a d a r  range bias i s  also adjusted. The resul ts  also indicate tha t  a 
one revolution or two revolution f i t  are about equal. Since the ship 
moves during the t e s t ,  i t  was not considered feasible  t o  constrain 
the survey adjustment in the same manner as a fixed radar s i t e .  
Results of the control t e s t s  conducted near the Florida 
m a i n l a n d  appear in Table 2. The second t e s t  was f a r  out in the 
ocean and no absolute accurate reference was available. The dis- 
persion was computed about the arithmetic mean. A1 1 data were 
referenced to  a fixed transponder. The resul ts  of the second t e s t  
a re  summarized in Table 3. The forward motion of the ship was 
detemined by ASPS interrogation f o r  the second t e s t  (Dec 69) .  
Previous survey resul ts  had determined the re1 a t i  ve position or  base 
l ine  length between three transponders. The ASPS rangincj data were 
mcord2d a t  one minute intervals  and re la t ive  sh ip  position data were 
smoothed f o r  th i s  computer r u n .  
TABLE 2 
TlJIN FALLS GEODETIC SURVEY ERROR FRON NITE COl4PUTER 
- - 
, 
' S i n g l e  Rev O r b i t  F i t  Two Rev Orb i  "cFi t 
- 
Rev P ~ Q ,  
* Rev 7170 was not prccezsed as 2 sin!le pass sfnce only one 
land-based radar  tracked d u r i n g  t h i s  pass. 
** Rev 7709 r e s u l t s  l;.rpre e x c l u d e d  - h i g h  PCF, e l e v a t i o r ;  may havz 
caused a p o o r  ref2rmce o rb i t .  
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SIMULATED DATA 
Figure 1-A depicts  t he  location of three  AFETR land based radar 
t rackers  and four  ships.  The sh ip  location was generally chosen t o  
63 
study t he  e f f e c t  of geometry on geodetic survey e r ror .  Also depicted 
i s  t h e  ground t race  t o  describe the  three d i f f e r en t  s a t e l l i t e s  
( Pegasus, Trans i t  and GEOS-B) . 
l a b l e  1-A indicates  the  o rb i t a l  elements f o r  the simulated s a t e l -  
l i t e s .  The e r r o r  f r e e  data used f o r  t h i s  simulation were generated f o r  
each ship location shown. Bias and random e r ro r s  were added t o  the data 
as shsvrn i n  Table 11-A f o r  each t racker  and t o  each ship. The only 
t racker  e r r o r  t h a t  was adjusted was Range Rate ( R  dot) .  
S a t e l l i t e  t ra jec tory  e r ro r s  resul ted from geopotential e r ro r s  and 
t racker  e r ro r s  and appear i n  Table 111-A. The e r ro r s  are  shown i n  the 
conventional W, C ,  L coordinate system. 
Note t h a t  the  e r ro r s  i n  the  s a t e l l i t e  posit ion a re  about the  s a w  
for Range only data as f o r  Range r a t e  ( R  dot) .  However, the o rb i t a l  
errors a re  much la rger  f o r  Pegasus than f o r  Trans i t  o r  GEOS-6. 1 t  wil l  
be seen l a t e r  t h a t  the  o rb i t a l  e r ro r s  in  Pegasus are  the dominant source 
of e r r o r  i n  the  survey adjustment. 
Table IV-A shows the  l a t i t ude  and longitude f o r  each ship f o r  the 
simulated data obtained f o r  each of the three  s a t e l l i t e s .  The maximum 
elevation (PCA) i s  shown f o r  each sh ip  a lso .  When the  s a t e l l i t e  pass 
was almost overhead w i t h  high rnaximuq elevation ( P C A )  poor survey r e su l t s  
were obtained f o r  each case. 
Table V-A shows the speed and course (heading) f o r  each ship. !#/hen 
t he  survey adjustment was made f o r  posit ion only, an e r r o r  of 0.5 knots 
and (-0.5) degree heading was always present i n  the  a p r io r i  o f f s e t  f o r  
the ship. 7 
128 
Table VHa-A - A geodetic survey adjustment was attempted For each s h i p  
simulation as shown in Table VTa-A, In one case no solution coeald be 
obtained. Results are  very poor f o r  ship No. 2 which has a high PCA 
and poor geometry. All of the other resul ts  i n  Table VIa-A are 
essent ia l ly  the same and ship heading has l i t t l e  influence. The errors 
can be largely explained by large orbi ta l  errors  in the t rajectory e f  
Pegasus. 
Table VIb-A shows the resul ts  f o r  Transit. Ship No. 1 gave poor  
resul ts  because of high rnax elevation (PCA).  I t  appears tha t  range 
ra te  (R-dot) gives less  accurate resu l t s  than dozs range-only d a t a ,  
Also, the velocity of the ship can be adjusted when range data i s  used, 
I f  the ship velocity e r ror  i s  large (0.5 knots) i t  appears to  iaprove 
the survey adjustment when ship velocity i s  also adjusted. The residual 
e r ro r  i s  shown f o r  the ship b u t  the residual does n o t  appear t o  represent 
the magnitude of the survey error .  Also, the R-dot data are sensi t ive 
t o  the heading of the ship during a pass. A large e f f o r t  should be 
made t o  ascertain a be t te r  description of survey er ror  associated w i t h  
range ra te  (R-dot) and ship heading, The survey errors  obtained her? 
f o r  R-dot indicate a survey bias could very eas i ly  occur. The errors 
a re  not considered random fo r  the R-dot data, 
Table VIc-A shows the simulated survey adjustment f o r  GEOS-5, Wesul ts 
f o r  ship No. 1 are poor because of high elevation (PCB). The R-dot 
data are infer ior  to  the range only data. Better resu l t s  are a l s o  
obtained fo r  range-only data when ship? speed i s  adjusted, 
Table VBIa-A shows the resul ts  f o r  range only data to  compare resu l t s  
w i t h  and without orbi ta l  errors.  (Refer back t o  Table VIa-A). As 
a l r e a d ~ f  indicated, Pegasus resu l t s  are not very good here and require 
fur ther  study. Results f o r  ships 1 ,  3 and 4 are good f o r  the case of 
no orbi tal  errors.  However, i t  may prove d i f f i c u l t  t o  obtain a 
perfect orb i t  in actual practice. 
Table WIIb-A shows Qange-only solutions f o r  Transit. Very l i t t l e  
difference i s  indicated between passes with and without orbi ta l  errors .  
I t  should be recalled tha t  the orbi ta l  errors  were small. In every 
case except h i g h  elevation passes (ship No. I ) ,  the resul ts  arc very 
good, Survey errors are typical ly  200 f e e t  when ship velocity errors  
of 0,s knots are present. There i s  also som2 indication that  heading 
does influence the resul ts  b u t  fu r ther  study i s  needed t o  ascertain 
how much, 
Tab le  VIIc-A indicates the simulated resu l t s  fo r  GEOS-B w i t h  and 
without orbi ta l  errors.  The orbi ta l  e r rors  i n  t h i s  case do not strongly 
influence the survey er ror  when sh ip ' s  velccity i s  not adjusted. I t  
appears feasible  t o  adjust  for  s h i p ' s  velocity b u t  i n  actual practice 
i"$h&aesld be recalled tha t  horizon-to-horizon tracking data are required. 
More e f f o r t  is required to  determine the best procedure to  use. Holqever, 
the  author would prefer t o  rely on independent means t o  determine the 
s h i p "  motion. The sh ip ' s  ASPS ranging data nay prove to  be the best 
source f o r  sh ip ' s  motion. This has not been completely resolved a t  
AFETR, 
X o r t h  L a t i t u d e  
TABLE I - A - 
ORBITAL ELEMENTS FOR SIMULATED SATELLITES 
Pe r igee  (n,m, 1 
Apogee (n,rn, 3 
I n c l i n a t i o n  (deg.1 
TABLE I1 - A 
TRACKER ERRORS 
* This represents the error remaining prior to adjustment. Tho 
error  pendining in k after adjustment was of the order of .1 fx / sec .  
No adjustment was made fcr R - b i a s .  
TABLE III - A 
S A T E L L I T E  TRAJECTORY ERRORS I N  V I C I N I T Y  OF SHIPS 
TABLE IV - A 
MAXTWM ELEVATION OF EACH S A T E L L I T E  
FROM EACH SHIP P O S I T I O N  
TABLE V - 
TRUE SBIP SPXZD AND EUDING* 
-. ~ 
A p r i o r i  o f f - sc t s  f r o m  t i ~ e s c  v;il \ :r?s wr!rct (- .5)!cnots in s ~ ~ : I : c :  and 
(---5) da~;:ritt) in h o r x c l i n l ~  for a i l  s l r n l i l a t i o n  r u n s ,  
* *  f!c*;zediiny is the nn::le i'rorr, thc rcfci-elice d i i - c c t i o n  to 'ihe c i i r e c ; t i c n  
of the  s h i p  velocity vector :;ieasur&d p o s i t j . v e l y  c loekv~isc  as seen 
by a- obsci-ver locking down1,vard on t h e  ocean surface, 
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TABLE V I I I  - A 
SATELLITE 
Pegasus  
Transit 
e 
GEOS-B 
PL4XIHUM ELEVATION OF EACX SATELLITE 
FROM EACH LAND BASED S I T E  
SITE . SITE POSITION 
N. LAT. CDEG.) E. LONG. (DEG.) 
E LE VAT I 0 :.s" 
CONCLUSION 
The geodetic location of a ship  a t  sea can be accurately 
detemiwed from pulse radar range-only data,  This study has not 
included the  r e l a t i v e  location of one transponder t o  another as 
this was considered t o  be a d i f f e r en t  problem which involves the 
l\SPS measurements obtained by the  ship,  Also, the  ASPS measure- 
naents can degrade the  a t ta ined accuracy o f  "ce transponder survey, 
I f  not  properly used. 
The actual survey accuracy achieved and the  number of separate  
s a t e l l i t e  passes required depends t o  a large  extent  upon (1) the  
accuracy of the  reference o r b i t ,  ( 2 )  the  accuracy of the sh ip ' s  
tracking data and ship" nmotion determination and ( 3 )  the  geometry 
sf &Re d i f f e r en t  passes used. Where unknown and unmodeled e r ro r s  
e x i s t ,  i t  will  be essen t ia l  t o  obtain s u f f i c i e n t  passes t o  examine 
the e r rors  present f o r  each t e s t ,  I t  is  always desi rable  t o  obtain 
s a t e l l i t e  passes on each s ide  of the  ship  f o r  which the  geodetic 
survey i s  desired,  
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" G e o d e t i c  Survey Pi::proverr?ent w i t h  C-Band R a d a r "  
P. UTHOR 
D. R. Pf i n g s t e n  - LCA I n t c r k l a t i o n a l  S e r v i c e  
C o r p o r a t i o n ,  hITP 
Su rvey  a d j u s t m e n t s  a n d  i n p r o v e d  a c c u r a c i e s  were o b t a i n e d  f o r  
four AFETR downrange  h!istram/?i!RS s i t e s .  T h i s  p r e s e n t a t i o n  
d e s c r i b e s  the role p l a y e d  b y  C-Rand t r a c k i n g  r a d a r s  in obtain- 
i n g  t h e s e  r e s u l t s .  Compar i sons  be tween  t h e  6-Band r a d a r  
r e s u l t s  and o t h e r  s y s t e m s  a r e  a l s o  d i s c u s s e d .  
GEODETIC S U R V m  lhlPROVE?/lEIU'T SY ETW C-BAND RADAX 
By: B. R.  F f i n g s t e n  
T h i s  p r e s e n t a t i o r n  d e s c r i b e s  t h e  r o l e  p l a y e d  b y  C-.b2nd track- 
i n g  r a d a r s  i n  r e d u c i n g  S U F V Z ~  u n c e r t a i n t i e s  f o r  t h e  blistrain/ 
MRS S y s t e n ,  
T h i s  s p e c i a l  e f f o r t  was u n d e r t a k e n  b e c a u s e  s u r v e y  .uncerrq- 
t a i n t i e s  a t  t h e  ~ i s t r a m / h $ ~ ; >  s i t e s  a t  Grand  Turk ,  A n t i g u a ,  
Bermuda, and  T r i n i d a d  a f f  ee,x~cl t h e  Minuteman 111 (hl3l 111) 
v e l o c i t y  a c c u r a c i e s  a f t e r  b u r n o u t .  The f l i g h t  i n t e r v a l  of 
i n t e ~ e s t  ivas b e t w e e n  300-9 ; seco:lcls. T h i s  a c c u r a c y  re- 
qu i r emen t  c a u s e d  t h e  AFETR t o  d e p l o y  t h e  Mistram/hiRS v a n s  
a t  new l o c a t i o n s ,  I t  had b e e n  shown t h a t  i f  a  s u r v e y  i m -  
provement c o u l d  be e f f e c t e t l  f o r  t h e  a b o v e  f o u r  X-band s i t e s  
r e l a t i v e  t o  t h e  F l o r i d a  s i a i n l a n d ,  t h i s  would b e  a s i g n i f i -  
c a n t  c o n t r i b u t i s ~  t o w a r d s  i n p r o v j  ng t h e  XM III v e l o c i t y  
a c c u r a c i e s .  
B r i e f l y ,  a s  shown i n  t h e  f i g u r e ,  t h e  b~istrasn/l~iKS s y s t e m  is 
a  CW X-band s y s t e m  which  c o n s i s t s  of  t r a n s m i t t e r  and r e c e i v e r  
s y s t e m s  a t  V a l k a r i a  and E lc lu the ra ,  t h e  r a t e  s t a t i o n s  z t  Miami 
Beach,  P i e r  Road, Bermuda, Grand T u r k ,  A n t i g u a ,  and T r i n i d a d ,  
The V a l k a r i a  and E l e u t h e r a  s y s t e m s  p r o v i d e  unambiguous target 
p o s i t i o n  b o t h  f o r  r e a l  t i m e  and p o s t f l i g h t  p u r p o s e s .  
These  r a t e  s t a Q F a n s  p r o v i d e  a  measurement  of r a n g e  sum f rom 
t h e  t r ~ n s m i t t e r  .to t h e  missi le t o  t h e  r e c e i v e r ,  b u t  t h e  wrea- 
surements a r e  amha&guous u p  t o  t h e  i n i t i a l i z a t i o n  c o n s t a n t ,  
and a r e  u s e d  i n  ~ s t f l i g h t  r e d u c t i o n s .  
The ~ i s t r a m / M R S  d a t a  a re  p r o c e s s e d  p o s t f l i g h t  i n  t h e  NZTE 
(N I n t e r v a l  T r a j e c t o r y  E s t i m a t i o n  Program) which  is a  minimum 
v a r i a n c e  t r a j e c t a ~ y  and e r r o r  model c o e f f i c i e n t  e s t i m a t i o n  
program designe'd t o  p r o c e s s  t r a c k i n g  d a t a  f rom f r e e  f a l l  and 
powered f l i g h t  t r a j e c t o r i e s .  A l l  t h e  s o l u t i o n s  d i s c u s s e d ,  
p r o c e s s e d  a t  APET,V, were p r o c e s s e d  t h r o u g h  t h e  N I T E  Program, 
SLIDE 2 
----- 
I n  e d t d i t i o n  t o  t h e  d e s i r a b i l i t y  of t h e  r e d u c t i o n  i n  su rvey  
u n c e r t a i n t i e s ,  d a t a  from t h e  f i r s t  &I&! 111 T e s t  1721 yahich 
occurred on 116 August 1968 i n d i c a t e d  some t y p e  of problem i n  
the d a t a .  dne a s p e c t  of t h e  problerrn is shown by t h e  r e s i d u a l s  
from two of t h e  r a t e  s t a t i o n s  -- Antigua  and T r i n i d a d .  T h i s  
figure w i l l  b e  shown a g a i n .  A t  t h i s  t i m e ,  n o t e  t h a t  t h e  mag- 
nitude s f  t h e  r e s i d u a l s ,  e s p e c i a l l y  l a t e  i n  f l i g h t ,  were 
relatively l a r g e .  P a s t  e x p e r i e n c e  y i e l d e d  r e s i d u a l  s t a n d a r d  
errors t y p i c a l l y  on t h e  o r d e r  of 0.04 f t / s e c .  
SLIDE 3 
---.-.- 
T h e o r e t i c a l  s t u d i e s  pesfor.:s.d e a r l y  i n  t h e  c a l i b r a t i o n  s a t -  
ellite e f f o r t  had i n d i c a t e d  t h a t ,  even w i t h  a  modera te  arr,ount 
of d a t a ,  a  s i g n i f i c a n t  improvement over  e x i s t i n g  u n c e r t a i n t i e s  
c o u l d  b e  o b t a i n e d .  The l i : i i t a t i o n  on s t u d i e s  of t h i s  t y p e  is 
t h a t  t h e  p l ~ y s i c a l  s i t u a t i o - I  assumed i n  t h e  s t u d y  may n o t  co3- 
pletely d e s c r i b e  t h e  a c t u a l  s i t u a t i o n  under which t h e  d a t a  
are c o l l e c t e d  r e l a t i v e  t o  d z t a  a v a i l a b i l i t y ,  n o i s e  i n  t h e  d a t a ,  
arid t h e  s i g n i f i c a n t  p a r a m e t e r s  i n  t h e  s o l u t i o n .  The l a s t  two 
l i m i t a t i o n s  apply  t o  t h e  e r r o r  p r o p a g a t i o n  o b t a i n e d  from t h e  
actual r e d u c t i o n ,  
T h i s  s l i d e  shows t h e  s a t e l l i t e  r e v o l u t i o n s  f o r  one of t h e  
t w o  s o l u t i o n s  from t h e  GEOS-B d a t a .  T h i s  p a r t i c u l a r  s o l u t i o n  
invo lved  9 r e v o l u t i o n s .  T h i s  s o l u t i o n  i n c l u d e d  t h o s e  r e v o l u -  
tions f o r  which b a l l i s t i c  camera d a t a  were o b t a i n e d .  When 
proeef-sed w i t h  r a d a r  on ly  d a t a ,  t h i s  s o l u t i o n  is i d e n t i f i e d  
a s  NWTE l R ,  When p rocesse , i  w i t h  b o t h  r a d a r  and camera d a t a ,  
i t  is i d e n t i f i e d  a s  NITE 6. 
The p u l s e  r a d a r s  p r i n c i p a l l y  used were 0.18,  19 .18,  7 .18 ,  
91,18 and 6 7 . l 8 .  The f i r s t  two a r e  l o c a t e d  i n  t h e  Cape 
Kennedy a r e a  a t  P a t r i c k  A i r  F o r c e  Base and M e r r i t t  I s l a n d .  
The l a s t  t h r e e  a r e  l o c a t e d  a t  Grand Turk,  Antigua and Bermuda. 
A p a r t i c u l a r  r e v o l u t i o n  t y p i c a l l y  i n c l u d e d  d a t a  from t h r e e  
Lo f o u r  r a d a r s .  The b a l l i s t i c  eameras i n c l u d e d  1000 mm cam- 
eras a t  t h e  above s i t e s  a s  w e l l  a s  Homestead F l o r i d a ,  
A t l a n t i c  F i e l d  Nor th  C a r o l i n a ,  and T r i n i d a d .  Data from 
600 mm eameras  a t  Vero Beach F l o r i d a  and  Grand Bahama I s l a n d  
were a k s s  vsed  a s  w e l l  a s  sane a d d i t i o n a l  d a t a  s u p p l i e d  by 
NASA, 
T h i s  s l i d e  shows t h e  s a t e l l i t e  r e v o l u t i o n s  f o r  the second 
s o l u t i o n  from the CEOS-B d a t a .  T h i s  p a r t i c u l a r  s o l u t i o n  
i n v o l v e d  on7-y r a d a r  data, I n  a d d i t i o n  to t h e  GEOS-B data 
shown on t h e  last two slides, p a s s i v e  b a l l i s t i c  camera d a t a  
froa t h e  Eeho PI and Pagaos  S a t e l l i t e s  were c o l l e c t e d  d u r i ~ g  
the: sane  time p e r i o d  t h e  GXOS-B b a l l i s t i c  camera d a t a  were 
c o l l e c t e d ,  These  d a t a  w i t h  other  a v a i l a b l e  d a t a  from past 
programs were used  to g e n e r a t e  a n o t h e r  s o E u t i o n .  F i n a l l y ,  
& i i s t r a m / l ~ ~ S  d a t a  f rom t h r e e  i?Iinuten?an I91 tests were used ,  
The f a i l u r e  t o  s i g n i f i c a n t l y  change geometry between tests 
and t h e  a t t e n d a n t  flame, aspect  a n g l e ,  and  s t a g i n g  problems 
a s s o c i a t e d  w i t h  powered f l i y h t  a r e  l i m i t a t i o n s  f o r  these 
da ta .  Ho~~dever, t h e s e  t e s t s .  p rov ided  d a t a  with v e h i c l e  noxroc 
i n  an  east-west d i r e c t i o n  c o n t r a s t e d  t o  t h e  nor th - sou th  s a t -  
ellite data  a s  w e l l  a s  d a t ~  froin a n o t h e r  t y p e  of ins t rumen-  
t a t i o n .  
SLIDE 5 
Nhen t h e  decision was made i n  September 1968 t o  c o n c e n t r a t e  
on t h e  hlis%rirn/?f~S Survey Improvement S tudy ,  i t  was a l s o  
d e c i d e d  t o  c o n f i n e  t h e  r a d a r  d a t a  used i n  the s o l u t i o n s  t o  
r a n g e  measurements.  T h i s  d e c i s i o c  was based upon s t u d i e s  
which i n d i c a t e d  t h a t  e x c l u s i o n  of t h e  r a d a r  a n g l e  d a t a  had 
l i t t l e  ef fecG on t h e  resu l -Ls ,  It a l s o  g r e a t l y  r educed  the 
q u a n t i t y  s f  da t a  u s e d  i n  t h e  r e d u c t i o n .  
The e o s s e c t i o n s  made t o  t h e  d a t a  p r i o r  t o  i n p u t  t o  NBTE 
were: 
11, Zero-se t  ( i n c l u d i n g  p u l s e  wid th )  
2. E d i t i n g  
3. T r a n s i t  t i m e  
4. R e f r a c t i o n  
5, S i g n a l  s t r e n g t h  
6, F i l t e r i n g  and reduced  sample r a t e  
The z e r o - s e t  c o r r e c t i o n  was based  upon t h e  pre-  and pos t -  
c a l i b r a t i e n s  and i n c l u d e d  a nominal  c o r r e c t i o n  f o r  the 
d i f f e r e n c e  between t h e  c a l i b r a t e  and beacon p u l s e  w i d t h s ,  
The re f rac t ion  c o r r e c t i o n  was computed from a ground index 
v a l u e  sf r e f r a c % l v i t y ,  determined from measurements, and a n  
assumed e x p o n e n t i a l  v a r i a t i o n  w i t h  h e i g h t .  A r a y  t r a c e  com- 
p u t a t i o n  was performed, Data below 10"  e l e v a t i o n  were not  
used  t o  minimize r e s i d u a l  r e f r a c t i o n  e r r o r s ,  The s i g n a l  
s t r e n g t h  correction was a s m a l l  c o r r e c t i o n  wh ich  a t tempted 
t o  account for t h e  v a r i a t i o n  of beacon de lay  about its nom- 
x n a l  va lue ,  The f i l t e r i n g  took t h e  d a t a  a t  PO samples per 
second through a 101 p o i n t  f i l t e r  c o n s t r a i n e d  t o  pass a 3 r d  
degree polynomial.  Output d a t a  were used a t  1 sample every 
18 seconds,  A acgrferate amount of n o i s e  r e d u c t i o n  was 
achieved.  
SLIDE 6 
The  'GEOS-B NlTE s o l u t i o n s  were s t r u c t u r e d  a s  fo l lows:  
Survey ad jus tmen t s  were made f o r  &;rand Turk, Bermuda, and 
A~tigua whenever p u l s e  r a d a r  d a t a  were a v a i l a b l e .  Survey 
adjustments were also made for Tr in idad  %n NITE 6 us ing  
t h e  a v a i l a b l e  ballistic camera data, Shor t  are o r b i t a l  con- 
straints were used i n  a l l  s o l u t i o n s  and t h e  o r b i t a l  param- 
eters were e s t i m a t e d  for  each s e v o l u t i a n  a s  w e l l  a s  a  d i s t i r c t  
range zero-set for each radar, For a l l  range measurements, 
R s c a l e  f a c t o r  equal t o  5 x was propagated a s  an  un- 
modeled e r r o r  and was a l s o  combined w i t h  t h e  a p r i o r i  n o i s e  
estimates t o  weight  t h e  measurements, A l o 0  e l e v a t i o n  ang le  
c u t o f f  was used on  a l l  r a d a r  measu remnt s  t o  minimize t h e  
residtiall r e f r a c t i o n  e f f e c t .  I n  a l l  r e v o l u t i o n s  i nvo lv ing  
Ithe Bermuda radar, a t i m i n g  o f f s e t ,  d i s t i n c t  f o r  each revolu-  
&Pc.n, was estimated, The o r i g i n a l  b a s i s  f o r  u s ing  t h i s  
rather e x t e n s i v e  e r o r  model was Lo  n d u c e  the r i s k  of dabtain- 
ang biased survey adjus tments  a t  t h e  expense a f  less p r e c i s e  
estimates. For example the i n c l u s i o n  of t h e  Bermuda L3ming off-  
set was not  o a ~ p o s i t i v e  ev idence  t h a t  s u c i ~  an  o f f s e t  exis- ted 
but r a t h e r  on the p o s s i b i l i t y  t h a t  i t  might e x i s t ,  s i n c e  i t  
alone of a l l  t h e  r a d a r s  d i d  not  r e c e i v e  ETR t iming.  
T h i s  s l i d e  shows t h e  RhlS r ~ d a r  r a n g e  r e s i d u a l  v a l u e s  fro:rs 
t h e  two s o l u t i o n s .  As c a n  be  s e e n  t h e  r e s i d u a l s  were s m a l l ,  
When c o n s i d e r e d  a c r o s s  a  s i n g l e  r e v o l u t i o n  t h e  NMS residual 
v a l u e s  vakidd from 2 t o  6 f ee t ,  The r e s i d u a l s  were also un- 
biased and t h e  mean v a l u e  was e o r ~ s i s t e n t l y  under  1 Pos t ,  
T h i s  of c o u r s e  was not e n t i r e l y  unexpected  t o  t h e  e x t e n t  
t h a t  r a n g e  z e r o - s e t s  were node led .  However, t h e  r e s i d u a l s  
a t  least gave no p o s i t i v e  i n d i c a t i o n  of unaccounted system- 
atic e r r a r .  
T h i s  s l i d e  shows t h e  a d j u s t x e n t s  o b t a i n e d .  The r e s u l t s  are 
p r e s e n t e d  i n  terms of a  l o c a l  c o o r d i n a t e  sys tem a t  t h e  ba l -  
listic camera s i t e  w i t h  X-eas t ,  Y-north, and 2-up. These 
c o o r d i n a t e s  a r e  used  a s  a r.;eans of p r e s e n t a t i o n .  Wi th i0  t h e  
NITE Program g e o d e t i c  c o o r d i n a t e s  a r e  employed. For t h e  
i s l a n d s  t h e  r a d a r  p o s i t i o n ;  were i n p u t  r e l a t i v e  t o  t h e  b a l m -  
l i s t i c  camera s i t e s  and t h i s  r e l a t i v e  p o s i t i o n  wzs h e l d  f i x e d ,  
R e c a l l  t h a t  s o l u t i o n s  N I T E  4 and NITE PR a r e  r a d a r  only 
s o l u t i o n s ,  and t h a t  NITE 6 is NITE I R  supplemented with bal- 
l i s t i c  camera d a t a .  The pooled r e s u l t s  a r e  based upon NIT3  4, 
NBTE 6 and a l s o  upon a d d i l i c n a l  camera and i l l i ~ t s a m / ~ i n S  d a t a ,  
There  was no  C-band p u l s e  r a d a r  a t  T r i n i d a d .  The T r i n i d a d  
a d j u s t m e n t  under  NITE l R  is a combina t ion  of t h e  Antigua ad-- 
jus tment  w i t h  a n  a d j u s t m e n t  of T r i n i d a d  r e l a t i v e  t o  A n t i g u a ,  
A s  can b e  s e e n ,  t h e  r a d a r  s o l u t i o n s  agrecd  ve ry  w e l l  a t  a11 
sites i n  t h e  X and Z cocrsdlnate  a d j u s t m e n t s .  I n  t h e s e  
c o o r d i n a t e s  b o t h  r a d a r  so l9 t io : i s  a l s o  show good agreement  
w i t h  the pooled  r e s u l t s .  The  d i sagreement  i n  t h e  Y coordinates 
1s a t t r i b u t e d  a t  l e a s t  i n  p a r t  t o  a conf ounding of these co- 
o r d i n a t e  a d j u s t m e n t s  w i t h  t h e  Bermuda t i m i n g  a d j u s t m e n t s ,  
T h i s  e f f e c t  was a l s o  e v i d e n t  i n  t e rms  of l i t t l e  v a r i a n c e  re-- 
d u c t i o n  i n  t h e  Bermuda X and U a d j u s t m e n t s .  
I 
T h i s  s l i d e  shows t h e  a  p r i o r i  e s t i m a t e s  of s i t e  u n c e r t a i n t i e s  
and t h e  u n c e r t a i n t i e s  based  upon t h e  pooled r e s u l t s .  The 
pooled r e s u l t s  a r e  a l s o  r e p e a t e d .  A s  c a n  b e  s e e n  r e l a t i v e  Lo  
SLIDE 9 (Continued) 
--
t h e  a p r i o r i  u n c e r t a i n t i e s ,  t h e  major s h i f t s  o c c u r r e d  a t  
Trinidad, Antigua  X, and Grand Turk Y .  The r e l a t i v e l y  
large T r i n i d a d  s h i f t  was e x p l a i n e d  by a n  a c c i d e n t a l  e r r o r  
t h a t  had o c ~ u r s e d  i n  o b t a i n i n g  t h e  p r e v i o u s l y  h e l d  v a l u e s .  
The pooled r e s u l t s  were o b t a i n e d  by  computing a  weighted 
mean a.cross t h e  v a r i o u s  s o l u t i o n s ,  I n  t h i s  computa t ion  
which irnvolved p o o l i n g  r e s u l t s  froin v a r i o u s  t y p e s  of i n s t r u -  
m e n t a t i o n  and geometry,  t h e  t a c i t  a s sumpt ion  was made t h a t  
the r e l a t i v e  w e i g h t s  w i t h i n  a  s o l u t i o n ,  based  on t h e  computer 
o u t p u t s ,  were c o r r e c t  b u t  s c a l e d  improper ly .  
SLIDES 10 & ll 
These  s l i d e s  show a  comparison betvieen t h e  hIRS r e s i d u a l s  
shown e a r l i e r  and t h e  s e s i c l u a l s  from t h e  s a m e  t e s t  w i t h  t h e  
new survey  v a l u e s .  I t  c a n  b e  s e e n  t h a t  t h e  r e s i d u a l s  a r e  
reduced p a r t i c u l a r l y  l a t e  I n  f l i g h t .  These r e a l d u a l s  a r e  
01 c o u r s e  on ly  one a s p e c t  of t h e  problem. For t h i s  p a r t i c u -  
l a r  t e s t  t h e  s u r v e y  s h i f t s  produced a s i g n i f i c a n t  s h i f t  i n  
the t r a j e c t o r y  e s t i m a t e d  by t h e  sys tem.  The s h i f t e d  t r a j e e -  
tory proved t o  b e  more c o n s i s t e n t  i n t e r n a l l y  and a l s o  a g r e e d  
b e t t e r  w i t h  t r a j e c t o r y  s o l u t i o n s  from o t h e r  sys tems .  The 
large s h i f t  a t  T r i n i d a d  a c c o u n t s  f o r  a  major p a r t  of t h e s e  
changes. While t h i s  l a r g e  s h i f t  was i n d i c a t e d  from o t h e r  
sources i n c l u d i n g  t h e  hlistram/hifiS d a t a ,  t h e  s i m i l a r  r e s u l t s  
from t h e  GEOS-B d a t a  were i m p o r t a n t .  T h i s  was due t o  t h e  
f a c t  t h a t  t h e  tes t  shown was t h e  f i r s t  t e s t  s u p p o r t e d  a t  t h e  
T r i n i d z % d  s i t e  by t h e  hIXS van and i t  would have  been d i f f i c e l t  
Lo e s t a b l i s h  by o t h e r  means t h a t  t h e  s h i f t  de te rmined  was i n  
f a c t  a su rvey  e r r o r  and was n o t  some o t h e r  unknown e r r o r  
f u n c t i o n a l l y  s i m i l a r  t o  su rvey .  
SLIDE 12 
Subsequent  t o  t h e  adop t  i o n  of t h e  v a l u e s  p r e v i o u s l y  shown, 
four a d d i t i o n a l  Minuteman I I I  t e s t s  p rov ided  h~istram/hlRS 
d a t a  s u i t a b l e  f o r  a d j u s t m e n t s .  I n  t h e s e  s o l u t i o n s  a n  a c c u r a t e  
t r a j e c t o r y  was t h e  pr imary  o b j e c t i v e  and t h e  su rvey  a d j u s t -  
m e n t s  were performed a s  a  means t o  p r o p e r l y  weight  t h e  
o b s e r v a t i o c s  f o r  t r a j e c t o r y  d e t e r m i n a t i o n s .  T h i s  s l i d e  
shows t h e  mean v a l u e s  f rom t h e s e  f o u r  t e s t s  and t h e  uu- 
c e r t a i n t i e s  a s  of August  1969. T h e s e  mean v a l u e s  c o r r e s -  
pond t o  a n  a d d i t i o n a l  s h i f t  r e l a t i v e  t o  t h e  s h i f t s  previously 
shown on S l i d e  9. The f a c t  t h a t  t h e y  a r e  i n  g e n e r a l  s m a l l  
and w i t h i n  t h e  u n c e r t a i n t i e s  q u o t e d  s u p p o r t s  t h e  c o n s i s t e n c y  
of t h e  c h a n g e s  a d o p t e d .  The one  e x c e p t i o n  t o  t h i s  is t h e  
Bermuda X s h i f t .  The p r o b l e a  here does  n o t ,  however ,  appea lx  
t o  be d u e  t o  the GEOS-B d a t a  u sed .  
SLIDE 13 
--
T h i s  s t u d y  was t h e  f i r s t  zitempt a t  AFETR t o  u s e  C-band 
p u l s e  radar  d a t a  f rom s a t e l l i t e s  i n  s h o r t  a r e  s o l u t i o n s  TOT 
s u r v e y  improvement .  The  c o n c l u s i o n s  r e a c h e d  were  a s  f oE Eo~~rs: 
1. The method c a n  p r o p e r l y  d e t e r m i n e  any major i n c o n s i s -  
t e n c i e s .  
2. Weaknesses  i n  t h e  a d j u s t m e n t  w i l l  b e  i d e n t i f i a b l e  from 
i n t e r n a l .  eompar i s o n s .  
3 .  When t h e  r e s u l t s  were i n t e r n a l l y  c o n s i s t e n t ,  compar i -  
s o n  w i t h  a d j u s t m e n t s  0 5 t a i a e d  by o t h e r  means were fo r  
t h e  most p a r t  c o n s i s t e n t  with511 t h e  u n c e r t a i ~ t i e s  quoted, 
4, The r e s u l t s  were o b t a i n e d  r e l a t i v e l y  f a s t  comparzd to 
r e s u l t s  u s i n g  b a l l i s t i c  cameras .  
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INTRODUCTION 
I n  l a t e  1969, B a t t e l l e  was invo lved  i n  a  NASA exper iment  i n  the Eaharnas 
t h e  o v e r a l l  o b j e c t i v e  o f  which was t o  de te rmine  t h e  f e a s i b i l i t y  of u s i n g  C-band 
r a d a r  f o r  s h i p  p o s i t i o n i n g  and f o r  e s t a b l i s h i n g  marine g e o d e t i c  c o n t r o l  points, 
It was t h e  f i r s t  such  exper iment  i n i t i a t e d  by NASA and was aimed u l t i m a t e l y  a t  
t h e  p r a c t i c a l  a p p l i c a t i o n  o f  e x i s t i n g  s a t e l l i t e  and space  t echnology  f o r  better 
u n d e r s t a n d i n g  o f  t h e  e a r t h ,  p a r t i c u l a r l y  t h e  complex ocean environment ,  Battelle's 
i n i t i a l  r o l e  was t o  hand le  t h a t  p o r t i o n  o f  t h e  exper iment  r e q u i r i n g  a c o u s t i c  
t e c h n i q u e s .  
R e s u l t s  o b t a i n e d ,  u s i n g  t h e  Apol lo  s h i p  Vanguard and t h e  GEOS-16 
s a t e l l i t e ,  were e x c e l l e n t ,  d e s p i t e  e x i s t a n c e  o f  some gaps  i n  t h e  d a t a  o b t a i n e d  a n d  
t h e  f a c t  t h a t  g e n e r a l - p u r p o s e  a c o u s t i c  sys tem components were u s e d .  For  example, 
s t a n d a r d  e r r o r s  o f  a b o u t  0.24 a r c  second and t h r e e  m e t e r s  were o b t a i n e d  i n  d e t e r ~ i n i n g  
t h e  l a t i t u d e s  and l o n g i t u d e s ,  and de  pth o f  t h e  t h r e e  ocean-bottom transponders 
r e s p e c t i v e l y  . 
F i g u r e  1 shows t h e  l o c a t i o n  o f  t h e  exper iment  and i n d i c a t e s ,  generally, 
how t h e  s h i p  p o s i t i o n  was determined r e l a t i v e  t o  ocean-bottom-mounted a c o u s t i c  
t r a n s p o n d e r s  d u r i n g  observed p a s s e s  of t h e  GEOS-I1 s a t e l l i t e .  The new a c o u s t i c  
p rocedures  which were deve loped ,  r e f e r r e d  t o  h e r e  a s  Transponder  L o c a t i o n  by  
S u r f a c e  P o s i t i o n i n g  (TLSP), pe rmi t  use  o f  any type o f  a c c u r a t e  s u r f a c e - s h i p -  
p o s i t i o n i n g  d a t a  a v a i l a b l e  ; t h e y  i n v o l v e  measurement o f  a c o u s t i c  s l a n t  ranges 
from t h e  s h i p  t o  any number o f  underwater  a c o u s t i c  t r a n s p o n d e r s  o r  hydrophones  
and c o n s i d e r a t i o n  o f  t h e  v e l o c i t y  o f  sound. TLSP can  u t i l i z e  a l l  a v a i l a b l e  
a c o u s t i c  d a t a  and l e n d s  i t s e l f  t o  a  weighted l e a s t - s q u a r e s  d e t e r m i n a t i o n  of 
t r a n s p o n d e r  c o o r d i n a t e s .  
FIGURE 1. LOCATION O F  C-BAND RADAR MARINE GEODESY EXPERIMENT 
The f e a s i b i l i t y  of e s t a b l i s h i n g  marine  g e o d e t i c  c o n t r o l  p o i n t s  on t h e  
ocean  f l o o r  u s i n g  bottom-mounted a c o u s t i c  t r a n s p o n d e r s  had p r e v i o u s l y  been 
demons t ra ted  i n  November, 1968, by t h e  B a t t e l l a / l n d u s t r y  Group exper iment  nn 
t h e  P a c i f i c  A s t a n d a r d  p o i n t  e r r o r  o f  * 1 5  t o  * 20 m was o b t a i n e d  i n  
de te rmin ing  t h e  c o o r d i n a t e s  o f  t h e  c o n t r o l  p o i n t  t h a t  was e s t a b l i s h e d  a b o u t  220 
m i l e s  w e s t  o f  Los Angeles u s i n g  a  EORAC a i r b o r n e  DME l i n e - c r o s s i n g  t e c h n i q u e ,  
Although the  a i r b o r n e  DME system i s  c a p a b l e  o f  p r o v i d i n g  f a i r l y  h i g h  g e o d e t i c  
a c c u r a c y  a t  s e a ,  i t  i s  r a n g e - l i m i t e d  (up t o  a  few hundred m i l e s ) .  Therefore, 
t h e  use  of  s a t e l l i t e  sys tems i s  a t t r a c t i v e  because  o f  t h e  world-wide coverzge 
p o s s i b l e  by t h e i r  u s e .  
P r e s e n t  i n d i c a t i o n s  a r e  t h a t  i f  h igh-accuracy  i n  marine  g e o d e t i c  rzeasurc- 
ment c a n  be a c h i e v e d ,  many d i f f i c u l t  problems w i l l  be w e l l  on t h e  way t o  s o l u t i o n ,  
Such problems i n c l u d e ,  f o r  example, d e t e r m i n i n g  ocean  c i r c u 2 a t i o n ,  es  tabiishing 
r e f e r e n c e  p o i n t s  f o r  ocean t i d a l  measurements,  d e t e r m i n i n g  o c e a n - f l o o r  sp rsadcng ,  
p r o v i d i n g  "ground t r u t h "  f o r  c a l i b r a  t ion o f  s a t e l l i t e  a l t i m e t r y  and evaluating 
s h i p b o a r d  p o s i t i o n i n g  sys tems ,  making a c c u r a t e  g r a v i t y  measurements,  determining 
g e o i d a l  h e i g h t s ,  and making d e f l e c t  i o n - o f - t h e - v e r t i c a l  measurements.  
The use  o f  C-band r a d a r  f o r  marine  measurements i s  d e s i r a b l e  f o r  two 
r e a s o n s :  (1) C-band r a d a r  c a n  be o p e r a t e d  i n  a  r a n g i n g  mode (measure d i s t a n c e s  
from s h i p  t o  s a t e l l i t e s )  which p r o v i d e s  a  p a r t i c u l a r  advan tage  i n  t h a t  e r r o r s  
i n  s h i p  v e l o c i t y  a r e  n o t  a s  c r i t i c a l  a s  t h e y  a r e  w i t h  t h e  Doppler s a t e l l i t e  
t e c h n i q u e s  ( t h e  o n l y  s a t e l l i t e  sys tem o p e r a t i o n a l  a t  s e a )  and (2) s e v e r a l  ships 
a l r e a d y  have C-band r a d a r  sys tems on  board.  
GENERAL DESCRIPTION OF THE EXPERIMENT 
F i g u r e  I shows t h e  g e n e r a l  l o c a t i o n  o f  t h e  exper iment  conducted i n  
t h e  Bahamas. T h i s  l o c a t i o n  was chosen:  (1)  because  o f  i t s  p rox imi ty  t o  the test 
a r e a  f o r  t h e  Vanguard ( t h e  exper iment  was a  t a s k  added t o  t h e  primary Vanguard 
m i s s i o n )  and (2) because  o f  t h e  a v a i l a b i l i t y  o f  t h e  f o u r  underwater  a c o u s t i c  
t r a n s p o n d e r s  p r e v i o u s l y  e s t a b l i s h e d  by t h e  U. S. Navy Compass I s l a n d  s h i p  i n  
a b o u t  16,000 f e e t  o f  w a t e r .  The f o u r  t r a n s p o n d e r s  formed a  quadrang le  hav ing  
a b o u t  3.5 m i l e  s i d e s .  However, d u r i n g  t h e  exper iment  i t  was p o s s i b l e  t o  collect 
d a t a  from on ly  t h r e e  o f  them. 
The exper iment  invo lved  s i x  major  e l e m e n t s :  (1) t h e  A p o l l o  s h i p  
9 8- Vanguard" and i t s  i n s t r u m e n t a t  i o n  s y s t e m s ,  (2 )  t h e  GEOS-I1 s a t e l l i  t e ,  
(39 t h r e e  underwater  a c o u s t i c  t r a n s p o n d e r s ,  (4) a  C-band r a d a r  land-based 
t r a c k i n g  network,  (5) a LORAC s u r f a c e  p o s i t i o n i n g  network,  and (6)  t h e  Navy 
Transit s a t e l l i t e s .  The s h i p  i n s t r u m e n t a t i o n  systems used i n c l u d e  : (1) t h e  
FTS-16 C-band r a d a r ,  (2) t h e  SRN-9 Doppler s a t e l l i t e  n a v i g a t i o n  r e c e i v e r ,  
( 3 )  t h e  ~ n e r t i a l / ~ t a r  Tracker  System (INS),  a  LORAC r e c e i v e r ,  (4)  t h e  Bathymetr ic  
Navigti t ion Sys tem (BNS) , and (5) t iming  and computer s y s  terns. 
B a s i c a l l y ,  s imul taneous  measurements were made o f  (1 )  C-band r a d a r  
ranges  (between t h e  s h i p  and t h e  GEOS-I1 s a t e l l i t e ) ,  (2) a c o u s t i c  ranges  (between 
s h i p  and t h r e e  underwater  a c o u s t i c  t r a n s p o n d e r s ,  ( 3 )  s u r f a c e  LORAC p o s i t i o n s  
(between s h i p  and t h r e e  l and  LORAC t r a n s m i t t e r s ,  and (4)  t h e  I n e r t i a l I S t a r  T r a c k e r  
csord i n a  t e s  . 
The s h i p  was p o s i t i o n e d  c o n t i n u o u s l y  o v e r  t h e  t r i a d  formed by t h e  t h r e e  
ocean-bottom-mounted a c o u s t i c  t r a n s p o n d e r s  d u r i n g  t h e  GEOS-I1 and Doppler  s a t e l l i t e  
pssses ,  A c o u s t i c  d a t a  were c o l l e c t e d  d u r i n g  5  o f  7 GEOS-I1 p a s s e s ,  22 o f  32  
Doppler s a t e l l i t e  p a s s e s ,  and 11 a c o u s t i c  c a l i b r a t i o n  r u n s .  
DESCRIPTION OF ACOUSTIC SYSTEM USED 
The a c o u s t i c  sys tem used c o n s i s t e d  o f  two major  components: (1)  t h e  
t h r e e  ocean-bottom-mounted a c o u s t i c  t r a n s p o n d e r s  and (2)  t h e  sh ipboard  Bathymetr ic  
Naviga t ion  System (BNS). The BNS system on board t h e  Vanguard i s  c a p a b l e  of 
i n t e r r o g a t i n g  ocean-bottom-mounted t r a n s p o n d e r s ,  r e c e i v i n g  t h e i r  r e p l i e s ,  and 
recording t h e  a c o u s t i c  s l a n t  r a n g e s  t o  t h e  t r a n s p o n d e r s .  T h i s  c a p a b i l i t y  o f  t h e  
BNS was u t i l i z e d  i n  t h i s  experiment. OperatTon of  t h e  BNS i s  a s  fo l lows  (1 ,  2) 
The RNS t r a n s m i t s  a n  i n t e r r o g a t i o n  s i g n a l  w i t h  a  f requency  of 16.0  KHz k 50 Hz 
and a  p u l s e  w i d t h  of 15 2 1 m i l l i s e c o n d s  (ms) t o  t h e  t r a n s p o n d e r s .  The l e a d i n g  
edge o f  t h e  i n t e r r o g a t i o n  s i g n a l  a c t i v a t e s  a  d i g i t a l  c o u n t e r  which s t a r t s  c o u n t i n g  
t h e  p u l s e s  from a n  800- pps c l o c k .  The r e p l y  s i g n a l  from a  t r a n s p o n d e r  i s  a p p l i e d  
t o  a s i g n a l  p r o c e s s i n g  u n i t  which r e c o g n i z e s  t h e  c e n t e r  o f  t h e  r e t u r n e d  p u l s e  
and stops t h e  c o u n t e r .  The t ime i n t e r v a l  measured by t h e  c o u n t e r  r e p r e s e n t s  t h e  
range from t h e  BNS t r a n s d u c e r  t o  t h e  a c o u s t i c  t r a n s p o n d e r  ( i n  y a r d s ,  a n  
acoustic v e l o c i t y  o f  4800 f t / s e c  i s  assumed) p l u s  s e v e r a l  f i x e d  d e l a y s .  To 
c o r r e c t  the  time i n t e r v a l  and o b t a i n  the  t r u e  range,  the BNS s u b t r a c t s  175 rns 
(8 ms f o r  t ransponder- turn-around time, 160 ms f o r  BNS s igna l -p roces s ing  time, 
and 7 ms f o r  s igna l - r ecogn i t i on  time) from the measured time t n t e r v a l ,  
ACOUSTIC TECHNIQUES FOR DETERMINING 
GEOMETRY OF TRANSPONDERS 
Two techniques have been developed f o r  determining the  coord ina tes  
and o r i e n t a t i o n  of t he  ocean-bottom transponders .  These a re :  
(1) Acoust ic  l i ne -c ros s ing  technique 
(2) Ocean-surface p o s i t i o n i n g  technique. 
The b a s i c  l i n e - c r o s s i n g  technique involves  the  measurements o f :  
(1)  t he  s h i p ' s  heading,  (2) the  a c o u s t i c  s l a n t  ranges o r  t he  two-way t r a v e  E 
t imes of an  a c o u s t i c  s i g n a l  from a  s h i p  t o  two ad jo in ing  ocean-bottom t r a n s -  
ponders,  and (3)  the  v e l o c i t y  of  sound(6).  The - sh ip ,  allowed t o  t r a v e l  a t  a 
c o n s t a n t  speed and heading, c ros ses  t h e  l i n e s  jo in ing  the  t ransponders  and records 
the  po in t s  of  c l o s e s t  approach (PCA) t o  each of t he  t ransponders  and the acoustic 
s l a n t  ranges ve r sus  time during the  c r o s s i n g s .  The sum of two s l a n t  ranges 
i s  minimum when the  s h i p  i s  i n  t he  v e r t i c a l  plane conta in ing  t h e  two t ransponders ,  
The minimum sums can  be obta ined  by l ea s t - squa res  curve f i t t i n g  o r  g r a p h i c a l l y  
by p l o t t i n g  the h o r i z o n t a l  ranges a g a i n s t  t ime. From the  s h i p ' s  heading and 
course ,  and minimum d i s t a n c e s ,  forward and backward azimuth, t h e  r e l a t i v e  coord ina tes  
of t he  t ransponders  a r e  determined. The technique i s  s e n s i t i v e  t o  s h i p  heading 
and must depend on good d a t a ,  p a r t i c u l a r l y  dur ing  the PCA1s. B a t t e L l e B s  experience 
i n  the  P a c i f i c ,  a s  w e l l  a s  i n  t he  Bahamas, i n d i c a t e s  t h a t  adverse ope ra t iona l  
cond i t i ons  and/or  equipment mal func t ion  can occur ,  thus  l i m i t i n g  the value of 
us ing  such techniques.  
The ocean-surface p o s i t i o n i n g  technique,  known a s  t ransponder  l o c a t i o n  
by su r f ace  p o s i t i o n i n g  (TLSP), involves  the use of a  computer code incerporating 
any a v a i l a b l e  accu ra t e  su r f ace - sh ip  coord ina t e s  (e.g. ,  LORAC, SINS, DECCA), 
a c o u s t i c  s l a n t  ranges from t h e  s h i p  t o  the  t ransponders ,  and ve loc i ty-of -sound 
p r o f i l e  t o  determine the p o s i t i o n s  o f  t h e  t ransponders .  B a s i c a l l y ,  each t ransponder  
was independent ly pos i t i oned  r e l a t i v e  t o  a  s e t  of LORAC s u r f a c e  p o s i t i o n s ,  The 
LORAC p o s i t i o n s  were g iven  i n  terms of  geode t i c  l a t i t u d e  and long i tude .  These 
p o s i t i o n s  were transformed t o  a  space r ec t angu la r  coord ina te  system X, Y ,  Z where 
the Z-axis co inc ides  with the  p o l a r  a x i s  of the r e f e rence  e l l i p s o i d  and the 
X- and Y-axes a r e  s i t u a t e d  i n  t he  e q u a t o r i a l  plane,  perpendicular  t o  each o t h e r ,  
and X-axis going through the  0-meridian. The o r i g i n a l  Navy coord ina t e s  f o r  t h e  
t r an sponde r s  were used a s  approximate coo rd ina t e s  (X o 2  '0' Z o  ), and a n  obse rva t ion  
equation V = AX + L, was w r i t t e n  f o r  each s e l e c t e d  LORAC p o s i t i o n .  The computed 
slant ranges SR a r e  g iven  by: 
0 
( : K ~  yi zi) = coord ina t e s  of s h i p  converted from LORAC geode t i c  
p o s i t i o n s  a t  t imes i ;  i = 1, ..., n where n is the  
t o t a l  number of observa t ions .  
The adjustment  was c a r r i e d  ou t  w i th  the  fol lowing ma t r i ce s :  
X = approximate va lues  of unknowns ( i n  t h i s  case  they  
0 
r e p r e s e n t  the  approximate t ransponder  coo rd ina t e s )  
X = a d j u s t e d  va lues  of  unknowns 
a 
S% = observed s l a n t  ranges a s  determined from the  two-way 
a c o u s t i c  t r a v e l  t imes and v e l o c i t y  of sound ( a l l  s l a n t  
ranges were co r r ec t ed  f o r  r e f r a c t i o n )  : 
The l ea s t - squa res  s o l u t i o n  of the  obse rva t ion  equat ions ,  
N = A'PA 
U = A'PL 
P  L= w e i g h t  m a t r i x ,  
A f t e r  t h e  a d j u s t e d  X, Y ,  Z c o o r d i n a t e s  o f  t h e  t r a n s p o n d e r s  were 
o b t a i n e d ,  t h e i r  o r i e n t a t i o n  was de te rmined  by computing t h e  i n v e r s e  geodetic 
problem. The s o l u t i o n  g i v e s  a l s o  t h e  v a r i a n c e  c o v a r i a n c e  m a t r i x  and t h e  
e i g e n v e c t o r s  and e i g e n v a l u e s  o f  t h i s  m a t r i x  which a r e  used i n  t h e  e r r o r  e l l i p s o i c  
computa t ions .  
ACOUSTIC TECHNIQUES FOR DETERMINING SHIP POSITIONS 
S h i p  p o s i t i o n s  r e  l a  t i v e  t o  ocean-bottom-mounted a c o u s t i c  t r a n s p o n d e r s  
c a n  be de te rmined  by e i t h e r  o f  two t e c h n i q u e s  developed a t  ~ a t t e l l e ' "  and f o r  
which computer codes  e x i s t ,  
The f i r s t  t e c h n i q u e  which employs t h e  l e a s  t - s q u a r e s  s o l u t i o n  f o r  a 
two-dimensional computer model i s  based on t h e  i n t e r s e c t i o n  o f  t h r e e  c i s c l L e s  
i n  a p l a n e .  The Z-coord ina te  is h e l d  f i x e d  a t  Z = 0.  One t r a n s p o n d e r  i s  used 
a s  t h e  o r i g i n  o f  t h e  l o c a l  c o o r d i n a t e  sys tem w i t h  t h e  p o s i t i v e  X-axis cersespond-  
i n g  t o  e a s t  and t h e  p o s i t i v e  Y-axis c o r r e s p o n d i n g  t o  n o r t h .  
An o b s e r v a t i o n  e q u a t i o n  AX + L = V i s  w r i t t e n  and s o l v e d  i n  matrix 
form. The g e n e r a l  s o l u t i o n  i s  s i m i l a r  t o  t h a t  a l r e a d y  d e s c r i b e d .  The unknowns 
i n  t h i s  c a s e  a r e  t h e  r e c t a n g u l a r  s h i p  c o o r d i n a t e s  (X, Y )  a t  t imes  o f  the a c o u s t i c  
r e a d i n g s .  
The second t e c h n i q u e ,  which employs t h e  t h r e e  -d imens iona l  computer 
code i s  based on t h e  i n t e r s e c t i o n  o f  t h r e e  s l a n t  r anges  c o r r e c t e d  f o r  v e l o c i t y  
o f  sound and r e f r a c t i o n .  The c o o r d i n a t e  sys tem i s  a n  e a r t h - c e n t e r e d  X X Z  sys tem 
a s  i n  TLSP. The g e n e r a l  e q u a t i o n  f o r  t h e  s l a n t  r anges  from t h e  s h i p  t o  t h e  
t r a n s p o n d e r s  i s  g i v e n  by: 
The s o l u t i o n  o f  t h e  q u a d r a t i c  e q u a t i o n  r e s u l t s  i n  two p o s i t i o n s .  These two 
p o s i t i o n s  w i l l  r e s u l t  in two v a l u e s  f o r  X. The d e s i r e d  p o s i t i o n  i s  that 
c o r r e s p o n d i n g  t o  t h e  l a r g e r  X  v a l u e .  
8 
Velocity-of-Sound Measurement 
Actual  measurement o r  de te rmina t ion  of v e l o c i t y  of sound dur ing  the  
t i m  oaf ope ra t ion  i s  e s s e n t i a l  f o r  accu ra t e  r educ t ion  of a c o u s t i c  da t a .  A t  t he  
t i m e  of t h e  experiment,  the Vanguard d id  n o t  have a c a p a b i l i t y  f o r  making v e l o c i t y -  
of-sound measurements. Therefore ,  i t  was necessary  t h a t  e x i s t i n g  d a t a  be 
utilized, Two ve loc i ty-of -sound curves  were provided f o r  the  a r e a  of ope ra t ion  (2, 4 )  
Figure 2 shows the  curve made by the  Compass I s l a n d  ve loc imeter  during J u l y ,  1969, 
with a mean va lue  of 4989 f t / s e ~ ( ~ )  and  the  o t h e r  curve r e p r e s e n t s  the  mean of 
f i v e  observa t ions  taken i n  t he  a r ea  dur ing  the  months of August and September 
i n  different years  p r i o r  t o  1967 wi th  a  mean va lue  of 4964 f t / s e c ( 2 ' .  These 
inean-velocity va lues  were n o t  used i n  the f i n a l  computations.  In s t ead ,  d a t a  
points were read d i r e c t l y  from the two velocity-of-sound curves i n t o  the  ray-  
tracing program. 
DISCUSSION OF RESULTS 
The r e s u l t s  of TLSP a r e  summarized i n  Tables  1, 2, 3 ,  4 ,  5, and 6 .  
Tables 1 and 2 g ive  the  a d j u s t e d  geodet ic  coo rd ina t e s  of the  t ransponders  and t h e i r  
standard e r r o r s  i n  both c u r v i l i n e a r  coo rd ina t e s  (based on t h e  1960 F i sche r  
Ellipsoid) and c a r t e s i a n  coord ina t e s .  The d a t a  used t o  o b t a i n  these  coo rd ina t e s  
included approximately 1500 a c o u s t i c  ranges from t h e  sh ip  t o  tfie t h r e e  underwater 
acoustic t ransponders  taken dur ing  the  a c o u s t i c  c a l i b r a t i o n  runs and the  GEOS-I1 
satellite passes .  The s h i p  p o s i t i o n s  cons i s t ed  of LORAC s u r f a c e  p o s i t i o n s  and 
SINS p o s i t i o n s  dur ing  these  runs.  Seve ra l  c o r r e c t i o n s  were made t o  t h e  raw 
d a t a  i n  a n  a t tempt  t o  e l i m i n a t e  sys t ema t i c  e r r o r s .  The c o r r e c t i o n s  were f o r  
s h i p  v e l o c i t y  e f f e c t s  on the  a c o u s t i c  d a t a ,  antenna o f f s e t  from the BNS t r ansduce r ,  
and c o r r e c t i o n s  f o r  v e l o c i t y  of sound and a c o u s t i c  r e f r a c t i o n .  
The l ea s t - squa res  s o l u t i o n  of t he  obse rva t iona l  da t a  included weight ing 
criteria, Table 3 shows the  s i x  d i f f e r e n t  ca ses  t h a t  were app l i ed  f o r  determining 
the p r o p e r  weight ing c r i t e r i o n  f o r  the  experiment da t a .  
Table 4 shows the  coo rd ina t e s  of the  t ransponders  and t h e i r  s tandard  
e r r o r s  a s  determined by using the  two a v a i l a b l e  sound v e l o c i t y  p r o f i l e s .  It 
a l s o  g ives  the  t ransponder  coo rd ina t e s  a s  were determined by the Navy. 
Sound Velocity ,f t/sec 
FIGURE 2. SOUND VELOCITY CURVES FOR BAHAMAS EXPERIMENT 
TABEE 1. ADJUSTED GEODETIC COORDINATES (CURVILINEAR) BASED 
ON NAVY SOUND VELOCITY PROFILE ( 1 9 6 0  FISCNER ELLIPSOID) 
L a t i t u d e  - q~ L o n g i t u d e  - h H e i g h t  S t a n d a r d  E r r o r s  
Transponder ( N o r t h )  
No ' 0 1 19 
TABLE 2 .  ADJUSTED GEODETIC COORDINATES (CARTES IAN) BASED 
ON U V Y  SOUND VELOCITY PROFILE - 
Transponder X 
No, (m> 
Z S t a n d a r d  E r r o r s  
(4 p(m) o y b )  f lz(m) 
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TABLE 4 .  TRANSPONDER COORDINATES AS DETERMINED 
BY USING DIFFERENT SOUND VELOCITY PROFILES 
(1960 FEGHER ELLIPSOID) 
TLSP D e t e r m i n a t i o n s  Us ing  
Transponder Navy Navy Sound S t d .  Average  Sound S t d .  
Nutnbe r D e t e r m i n a t i o n  V e l o c i t y  P r o f i l e  E r r o r  V e l o c i t y  P r o f i l e  E r r o r  
* A g e o i d a l  u n d u l a t i o n  o f  6 0  m ( i .e . ,  g e o i d  i s  60 m be low t h e  e l l i p s o i d )  was assumed .  
Although t h e  s tandard  e r r o r s  f o r  each t ransponder  d i d  not  change much, influence 
of sound v e l o c i t y  v a r i a t i o n s  on t h e  coo rd ina t e s  was more no t i ceab le ,  p a r t i c u l a r l y  
i n  t he  depth de termina t ion .  This  i n f luence  on t h e  depth .was of t h e  o r d e r  of 18 
t o  2 l  m f o r  the  t h r e e  t ransponders .  Furthermore, the t ransponder  ellipsoidal 
depths a s  determined by TLSP a r e  about  t he  same f o r  a l l  t h r ee  t ransponders  while 
they  were d i f f e r e n t  i n  t he  Navy de termina t ion .  
Table 5 shows c l e a r l y  t hese  d i f f e r e n c e s  i n  tk t h r e e  t ransponder  depths 
(ocean s u r f a c e  t o  bottom) a s  determined by TLSP and t h e  Navy. The l a r g e s t  
d i f f e r e n c e  between TLSP, us ing  Navy v e l o c i t y ,  and the  Navy de termina t ion  IS 
about  51 m i n  Transponder 2. Transponder 3 has  t he  s m a l l e s t  d i f f e r e n c e  of 7 IX- 
Table 6 p r e s e n t s  t he  r e s u l t s  of t h e  e r r o r  e l l i p s o i d  computations fcr 
a l l  t h r ee  t ransponders .  The l a r g e s t  e r r o r s  a r e  a s s o c i a t e d  wi th  the  depth values 
f o r  Transponder 2 and  3. Both these  t ransponders  d id  n o t  have s u f f i c i e n t  ship- 
t r a c k  d a t a  over  them. Transponder 4 has one s h i p  t r a c k  da t a  over i t ,  which i s  
i nd ica t ed  perhaps i n  t he  smal l  e r r o r  component i n  the  depth a x i s .  In genera l  
t h e  geometry o f  t he  e r r o r  e l l i p s o i d s  i n d i c a t e  t h a t  b e t t e r  r e s u l t s  c o u l d  be 
obta ined  i f  da t a  a l l  around the  t ransponders  were taken r a t h e r  than  the one- 
s ided  d a t a  used he re ,  
Pre l iminary  r educ t ion  of  the  a c o u s t i c  da t a  taken dur ing  the  calibratisc 
I I runs  revea led  many obviously erroneous da t a  a t  t he  c r i t i c a l  po in tsP ' ,  seec;r?! a s  at 
t he  t imes of PCAts and l i ne -c ros s ings .  Therefore ,  on ly  fou r  @'best'\runs (Numbers 
8, 9 ,  10, and 3A) were s e l e c t e d  and reduced. Figure 3 shows a  p l o t  o f  the 
a c o u s t i c  c a l i b r a t i o n  runs a s  determined by s u r f a c e  LORAC p o s i t i o n s .  The r e s u l t s  
a r e  summarized i n  Table 7 and Table 8. Because of  t he  inaccuracy  of t he  d a t a  i n  
Line c ros s ing  de termina t ions ,  i t  was necessary  t o  develop the  TLSP technique. 
Table 9 p re sen t s  p r imar i ly  t he  r e s u l t s  of  the  d i s t a n c e  and a z i m u t h  
de te rmina t ions  by the  TLSP and l i n e  c r o s s i n g  techniques.  I n  a d d i t i o n ,  the 
d i s t a n c e s  between the  t ransponders  and t h e i r  forward and backward azimuths were 
a l s o  computed from the  Navy g iven  coord ina t e s .  
Table 10 summarizes t he  r e s u l t s  of t h e  angles  between the three 
t ransponders  from TLSP, l i n e  c ros s ing  techniques ,  and the  Navy computed values, 
Once the f i n a l  coo rd ina t e s  were determined f o r  t he  th ree  ocean bottom 
transponders ,  the  r e l a t i v e  s h i p  p o s i t i o n s  dur ing  the GEOS passes  a r e  then  de te r -  
mined by us ing  program TRISPR. The r e s u l t s  of t he  s h i p  p o s i t i o n s  d u r i n g  GEOS 
-in 
0 
0 
PI- 
N E, 
TABLE 5 ,  TMNSWMDER DEPTHS 
Ba t t eh i e  D e t e m l n a t i o n s  f rom ITLSL 
Tr&!nsponder Navy U S ~ M R  Sound VePoc f &---- 
Pvmber De t emina  t ion Naar~? b-werage 
----- ----- -"- P "p--mw---w*------- ---- 
2 4906.7 m 4958,O 44?b,3  
TABLE 6 .  PAWmmRS OF COmHDENGE ELLIPSOID FOR THE 
ADdUSmD COORDINATES AT 9 5% CONFIDENCE LEVEL* (8) 
Trans ponder 
Ntimber 
Semi-axis 
i n  Meters 
Axes O r i e n t a t i o n  Angles w i c h  Respect 
t o  t he  P o s i t i v e  Di rec t ions  o f  tkc 
Geodet i c  Coordinate Axes 
--
X Y ~~ 
116" 16' 82" 16" 
46" 5%' 1.26" LO" 
54' 28 '  52" 44' 
* This  is  not  t he  conventional s tandard  e r r o r  e l l i p s o i d  (whose confidence 
level i s  28%) but a confidence e l l i p s o i d  sca l ed  such t h a t  t he  probability 
that t he  poin t  being d e t e m i n e d  l i e s  w i t h i n  i t  is  95%. (8) 
TABLE 7 , TRANS PONDER DISTANCES DETERMINED FROM LINE CROSS INGS 
T2 - T3 T2 - T4 
Run No. 
T3 - T 4  
(m) (m) ( 4  
* Poor d a t a ,  no t  graphed 
( ) Dis tance  determined from i n d i v i d u a l  va lues  a t  
t imes of c ros s ings  
B E  8. TRANS PONDER AZ IMUTHS DETERMINED FROM LINE CROSS INGS 
T2 - Tg T 3  - T2 T2 - T4 T 4  - T2 T3 - T4 T4 - T3 
Run No m (0) (0)  (0) (0) (0)  ( 0 )  
D i s t . ,  in  
M e t e r s  
Az., degrees L ine s TLS P L i n e  C r o s s i n g s  Navy 
D i s t .  
D i s t ,  
D i s  t . 
AZ . 
Az . 
A z  . 
Az . 
Az , 
Az . 
TABLE 10. COMPARISON OF TRANSPONDER ANGLES 
-- 
A n g l e  TLS P L i n e  C r o s s i n g  Mav 
0 I 11 0 s II 0 t - 6 8  
passes a r e  shown g r a p h i c a l l y  i n  Figure 4  a t  one-minute i n t e r v a l .  Figure 5 shows 
the same t r acks  a s  determined by the LOMC s u r f a c e  s h i p  p o s i t i o n s .  
:It i s  s i g n i f i c a n t  t o  note  t h a t  the  e l l i p s o i d a l  he ight ,  h ,  of the 
s h i p  ( i n i t i a l l y  assumed t o  be-60 meters )  was recovered a c c u r a t e l y  i n  the computed 
a c e u s t i c  time h i s t o r y  of t h e  sh ip  motion. The maximum v a r i a t i o n  i n  the  computed 
heights was about  9 m. The mean va lue  was 60.05 m with  a  s tandard  d e v i a t i o n  of 
I B,65 rn, These r e s u l t s  i n d i c a t e  the  confidence i n  the  ad jus t ed  coord ina tes  of 
t h e  t ransponders  and t h e i r  der ived  depths.  The f a c t  t h a t  the  computed s h i p  
positions were der ived  from only t h r e e  i n t e r s e c t i n g  ranges (no redundancy) bu t  
corrected ray  pa ths  i n d i c a t e  t he  r e l i a b i l i t y  of both TLSP and the  a c o u s t i c  r ay  
t r a c i n g  programs. 
RY OF RESULTS AND CONCLUSIONS 
An improved technique f o r  determining the  geometry and o r i e n t a t i o n  of 
underwater a c o u s t i c  t ransponders  has been completed, and a n a l y s i s  of d a t a  obtained 
d u r i n g  the  Bahamas experiment i n d i c a t e s  t h a t  the technique w i l l  make poss ib l e  
more accu ra t e  measurements a t  sea  than  o t h e r  techniques previous ly  known a v a i l a b l e .  
gghe r e s u l t s  of TLSP ad jus t ed  geode t i c  coo rd ina t e s  i n  both c u r v i l i n e a r  
and e a r t e s i a n  coord ina tes  a r e  shown i n  Tables  1 and 2. Analysis  of TLSP r e s u l t s  
revealed t h a t  s tandard  e r r o r s  of l e s s  than  0.24 a r c  seconds were obta ined  i n  the 
a e t e m i n a t i o n  of the l a t i t u d e s  and longi tudes  f o r  a l l  t h r e e  t ransponders .  
Moreover, the  s tandard  e r r o r  of  depth de termina t ion  was about  3 meters a t  
depths of  about 5080 meters.  Such remarkable accuracy,  p a r t i c u l a r l y  i n  depth 
de termina t ion  w i l l  make i t  p o s s i b l e  t o  e s t a b l i s h  v e r t i c a l  r e f e rence  datum and 
provide,  for example, "ground t r u t h "  f o r  f u t u r e  s a t e l l i t e  a l t i m e t r y  measurements. 
About 1500 obse rva t ion  equat ions  were used wi th  nine unknowns ( t r a n s -  
ponder  coo rd ina t e s )  i n  a  l e a s t - s q u a r e s  s o l u t i o n  t o  determine the  t ransponder  
coordinates and o r i e n t a t i o n .  Correc t ions  app l i ed  t o  the da t a  include v e l o c i t y  
of sound and r e f r a c t i o n  c o r r e c t i o n s  , antenna of £ se t  c o r r e c t i o n  between the  LOMC 
antenna and t h e  BNS t ransducer  and c o r r e c t i o n  f o r  s h i p  speed. I n  a d d i t i o n ,  from a  
thorough i n v e s t i g a t i o n  of s e v e r a l  poss ib l e  weighting c r i t e r i a  coupled with 
s t a t i s t i c a l  t e s t s ,  proper  weights were app l i ed  t o  t he  obse rva t ion  i n  the l e a s t -  


squares  s o l u t i o n  (" 9). Two veloci ty-of-sound curves were used. The r e s u l t s  
i n d i c a t e  s e n s i t i v i t y  of  t he  TLSP technique t o  the  v e l o c i t y  of sound curves used, 
Veloc i ty  of sound e f f e c t s  were most n o t i c e a b l e  i n  depth de termina t ion ,  Resu l t s  
proved t o  be s e n s i t i v e  t o  s h i p  speed,and antenna o f f s e t  c o r r e c t i o n  made a n e g l i g i b l e  
e f f e c t  on the  p r e c i s i o n  e s t ima te s  of  the ad jus t ed  coord ina tes .  A s  expected, 
t he  increased  number of obse rva t ions  improved the  p r e c i s i o n  of t h e  ad jus t ed  
coord ina t e s  of t h e  t ransponders .  
The l i n e - c r o s s i n g  technique was app l i ed  t o  t he  d a t a  f i r s t  b u t  preliminary 
d a t a  r educ t ion  revea led  t h e r e  were many obviously erroneous d a t a  recorded a t  t h e  
p o i n t s  of  c l o s e s t  approach (PCA") and a t  the times of l i n e  c ros s ing .  Al though  
t h e  l i ne -c ros s ing  technique i s  r e l a t i v e l y  s imple w i t h  r e s p e c t  t o  da t a  r e d u c t i o n ,  
i t  i s  o p e r a t i o n a l l y  time consuming. Moreover, i t  i s  apparent  t h a t  t h e  technique 
i s  s e n s i t i v e  t o  s h i p  heading and course ,  and i t s  e f f e c t i v e n e s s  depends on the 
o b t a i n i n g  of  r e l i a b l e  and accu ra t e  d a t a ,  p a r t i c u l a r l y  dur ing  PCA's. 
The t ime-h i s to ry  of s h i p  p o s i t i o n s  wieh r e s p e c t  t o  the ad jus t ed  
t ransponder  coo rd ina t e s  a s  determined by TLSP proved t h e  accuracy and r e l i a b i l i t y  
of  t he  TLSP and the r ay  t r a c i n g  programs. The e l l i p s o i d a l  he igh t s  of  t he  s h i p  
p o s i t i o n s  w i t h  r e s p e c t  t o  t h e  t ransponders  were recovered wi th  s tandard  devration 
of + 1.65 m. 
On t h e  b a s i s  of  t he  r e s u l t s  of  t h i s  experiment and r e s u l t s  o f  a n  e a r l i e r ,  
s i m i l a r  experiment ,  severa  1 conclus ions  can be drawn and a  number of reconmendat ions 
can  be made. The r e s u l t s  achieved t o  d a t a  show how the  newly developed techniques 
f o r  d a t a  r educ t ion  and a n a l y s i s  can  improve the  accuracy and p o t e n t i a l  use of  d a t a ,  
even when they a r e  no t  a s  p r e c i s e  a s  d e s i r e d .  Furthermore, a l l  p a s t  i r l ves t iga t i sns  
have involved the  use of o f f - t h e - s h e l f  equipment designed f o r  general-purpose 
use  and no t  s p e c i f i c a l l y  f o r  geode t i c  programs. I n d i c a t i o n s  a r e  t h a t  with 
a p p r o p r i a t e  l imi t ed  mod i f i ca t ion  of  p re sen t  equipment, t h e  p o t e n t i a l  f o r  ach iev ing  
h igh  accuracy a t  s e a  i s  s u b s t a n t i a l  and t h a t  even tua l ly  i n v e s t i g a t i n g  d i f f i c u l t  
problems such a s  ocean spreading  w i l l  be q u i t e  poss ib l e .  Accordingly, the foi lowing 
s t e p s  a r e  recommended: 
(1) Develop a n  o p e r a t i o n a l  t e s t  a r e a  s u i t a b l e  f o r  conducting c o n t r o l l e d -  
c o n d i t i o n  experiments f o r  t e s t i n g  hardware and newly developed 
techniques 
(2)  Modify and improve p re sen t  hardware des igns ,  p a r t i c u l a r l y  those for 
underwater a c o u s t i c  t ransponders  and s hipboard r ece iv ing  equipment  
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One of the continuing projects at AFETR is the lnaintainiwg and 
understanding of instrumentation accuracy. This is accomplished 
both by hardware modifications and by software analysis. The spe- 
cific aspect that this report is concerned with is the calibration 
idormation that can be obtained for the C--band radar by collecting 
and analyzing radar data from satellites with C-band beacons (soft- 
ware analysis). 
AFETR9s interest in instrumentation calibration utilizing satel- 
lites was f irst  proposed in 1959. A satellite calibration project was 
approved in 1960 under AFETR Project 8938. m e n  all  formal satel- 
lite projects were t r a n s f e r r d  to ESD by Headquarters AFSC in 1962, 
the new calibration task was Em Project 5938, Task 5930.03, Under 
this project, an AFETR calibration satellite was formulated [ 1 3 and 
was unsuccessful in achieving orbit on 13 July 1966. Instrumentation 
calibration utilizing satellites was continued by use of the Agena 10 
and 11 as well a s  the NASA GEOS-lf3 (See Reference [ 2 1 ). This par- 
ticular study w a s  accomplished utilizing data obtained from GEOS B? 
These a r e  many aspects to radar calibration. Idealistically, w e  
would like to obtain a permanent se t  of calibration coefficients that 
would always be applied to the radar data and whose values would 
change very slowly. Hna this way, the permanent se t  of calibration 
values would only have to be updated periodically. However, a more 
realistic situation is that some of the important calibration values are 
only constant over short periods of time and, therefore, need to be 
re-evaluated on a timely basis. For example, the azimuth (A) and 
elevation (E) zero se t  biases may remain constant over a few weeks 
or  in some instances a a y  ocliy remain constant fo r  one or  two days, 
Xn a multiple radar solution, the A and E zero se t  biases would not 
be important since range (R) basically determines the solution and A 
and E can be easily self-calibrated. However, for  a single radar 
* See references [ 4 1 and [ 5 1 . 
soiution, A and E a r e  very important and cannot be easily self-calibrated. 
Therefore, the calibration of A and E zero se t  biases constitute a signifi- 
cant contribution to inlproving the accuracy of single radar solutions. 
II. ANALYSIS 
In order  to obtain a good calibration of A and E biases it i s  necessary 
to exercise the radar  over a range of A and E values. That is, a dynamic 
calibration is certainly more  valuable than a static calibration. The tar- 
get board static calibrations a r e  useful for  obtaining the gross A and E 
biases,  but a dynamic calibration i s  needed for the fine grain correction 
needed to obtain the ultimate accuracy. Therefore,  a satelli te with a 
C-band beacon can be invaluable for obtaining good dynamic angle cali- 
brations for the radar  system. 
ETR is in the unique position of being able to inlnlediately process 
radar  data on the CDC-3600 a t  Cape Kennedy due to  the rea l  t ime data 
transmission link between the MIPIR radars  and the computer. It is, 
therefore, possible to immediately obtain timely angle calibration values 
from a multiple r ada r  satelli te calibration pass  to be applied to radars 
when they a r e  tracking a different vehicle. The CDC-3600 conlputer pro- 
gram, which i s  capable of producing an orbital fit for  many radars ,  is 
the GPTP program (See reference [ 101 ). If the s a m e  processing is done 
post flight where the radar  data is carefully edited and corrected, then 
the NITE program [ 3 1 (run on the IBM 7094) i s  utilized. A cornpasism 
of the main features between GPTP and NITE is shown in Table 1. 
The purpose of this report  is to evaluate the usefulness of the GPTP 
program in producing good near rea l  t ime calibration values. The er i -  
te r ia  i s  based on a comparison of these values with the post flight reduction 
done on the NITE program, which i s  assunled to be the most accurate  data 
processing technique for  obtaining angle calibration values. The set of 
data used for  these comparisons were obtained utilizing GEOS B in 
March 1968 and May 1968. A detailed description of the ETR Radar 
Calibration using GEOS B i s  given in reference [ 11 1 . 
For  the March 1968 experiment, radar  data were collected and ana- 
lyzed over five GEOS B revs  of data: 801, 807, 808, 813, 814. The radar 
coverages is shown in Table 2 and specified details of data processing can 
be found in references [ 6 1 and [ 7 1 . The comparison between GPTP and 
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TABLE 3 
GPTP VS NITE FOR MARCH 1968 DATA 
(Angles in Milliradians) 
NITE for A and E angle biases only a r e  given in Table 3 for radars 0, 18, 
19. 18 and 7. 18. The onlitted comparisons were either due to obvious 
h a r d w a a  problems o r  data not collected for that particular revolution. 
The specific details of this March experiment were docume~lted in 
a Secret report [ 7 1 . The results presented in this report constitute the 
unclassified part  of the report. From Table 3, it is seen that there is an 
excellent agreement between the GPTP and NITE solutions for angle biases 
where the great majority of the azimuth bias differences a r e  < .04 m r ,  A s  
noted in [ 7 1 , these was some hardware discussion concerning reasons why 
some of the zero se t  levels changed. For example, for radar 0.18 these 
was a malfunctioning parametric amplifier over revs 801-808 and there 
was a possibility of a inislevel e r ror .  With the exception of the 0.18 bias 
levels,whieh changed sigrxificantly probably due to a. hardware problem, 
the other bias levels for 19.18 and 7. 18 appear fairly stable, a t  least i n  
the sign of the correction. There seems to be a fair  amount of consis- 
tency between revs 801 and 807 and between revs 808 to 814 for  radar 
19.18. It appears that angle bias results may be stable for one-half to 
one day. 
Another GEOS B eqe r imen t  was run in May 1968 (see references ! 8 1 ,  
[ 9 1 ) where we also obtained comparison computer runs on G P T P  and NITE. 
In this particular comparison, the zero s e t  biases were assumed to be eon- 
stant from revs 1672 through 1700, o r  over a period of two days, The 
radar coverage for these revs is  given in Table 2. Both the GPTP and 
NITE programs were run under the constraint of constant biases. Table 4 
shows the results of the May 1968 comparison. 
TABLE 4 - GPTP vs NITE FOR MAY 1968 DATA 
Includes Revs 1672, 1673, 1674, 1685, 1686, 1687, 1698, 1699 and 1700 . 
(Angles in Milliradims) 
A s  in the March 1968 experiment (Table I), there i s  good agreement 
betweer1 the GPTP and NITE angle zero se t  biases, The differences 
between the NETE and GPTP angle biases a r e  mostly (. 04 m r  with the 
exception of 91. 18 elevation difference of .09  rnr and 12.18 azimuth 
diff erealee of .06 m r  . Although these differences a r e  larger than those 
found in Table 1, they a r e  still  small enough in order to utilize the GPTP 
results as meaningful. The main reason for the additional variation is 
probably due to the fact that the biases were assunled to be constant 
over two days. It seems to be apparent that more consistent results 
can be obtained if we res t r ic t  our bias evaluation to less  than two days. 
An analogy would be if we performed the standard radar pre-calibration 
two days before the radar  was to be used. Obviously, for  those tes ts  
fiat would require good angle calibrations, the dynamic satellite cali- 
bration should be done as close as possible to the time the radar  will 
be used for observing test data. More explicit information concerning 
the May 1968 experiment can be found in Reference [ 9 I .  
Summing up, it  can be stated from the data comparisons shown in 
Tables 3 and 4 that the angle calibrations from the GPTP program a r e  
usable in a near real  time sense to obtain improved radar test data. A 
is perfectly conceivable that we could obtain updated angle biases from 
a multiple radar GPTP solution and apply the angle bias calibrations to 
a single radar test - all in the same day. 
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ABSTRACT 
6-band radar tracking of the GEOS-B satellife 
by the Vanguard Apollo tracking ship has been used, 
jn conjunction with land-based C-band radar tracking, 
to obtain es"timates of the ship position. For a two 
revolution dockside solution, a position agreeing with 
the surveyed position to within 17 meters was obtained. 
At sea radar tracks by the Vanguard were reduced using 
the ship inertial navigation system (SINS) data for 
the change in ship position after the beginning of 
t r ack .  Both one and two revolution solutions were 
used for ship positioning. ln all cases, poor fits of 
the radar data to the orbit determined by the land- 
based stations gave indications of problems with the 
SINS data and station recoveries in error by 2 km or 
greater, Comparison with a LORAC position for one case 
also showed discrepancies on the order of J km. 
SECTION 1.0 
INTRODUCTION 
The precise determination of land-based geodetic 
positions through the use of satellite tracking is a 
well established art. In general, the procedure is to 
use minimum variance statistical estimation techniques 
such that a set (or sets) of orbital parameters and sets 
of tracking station coordinates provide a "best fit" of 
the tracking measurements to the satellite orbit. The 
coordinates of some stations must, of course, be con- 
strained in some manner (such as fixing latitude and 
longitude) in order to obtain a non-singular solution, 
A similar procedure may also be used to estimate 
the geodetic location of a tracking instrument located 
on a ship. It is, however, necessary to have information 
about the motion of the ship during the tracking period, 
This information may take several forms, including: 
(1) inertial navigation data, (2) ranges from the ship 
to fixed acoustic transponders, and (3) radio fixes to 
land-based transmitters as via the LORAC network. The 
results presented in this paper use primarily the first 
type of information. For some of the tests discussed, 
some data of both of the other types does exist and 
will be used in data reductions yet to be completed. 
With perfect knowledge of the change in ship 
position from one measurement point to the next, the 
accuracy of station position estimation can be estab- 
lished through the use of an error analysis simulation, 
or through the use of ship data when the ship is known 
not to be in motion. The latter technique was actually 
used. This has the advantage of gaining familiarity 
with the use of actual data and an assessment of the 
errors which may exist in the ship-borne tracker. 
With the ship at sea, the technique used was to 
calculate the change in ship position from its position 
at a reference time (generally at the beginning of a 
satellite track) using the ship inertial navigation 
system data. The Wallops A/Omega program, which accepts 
data from a moving tracker, was then used to estimate 
the position of the ship at the reference time in a 
minimum variance solution which also determined the 
o r b i t a l  parameters. The measurement weighting used, 
however, was such that the orbit was determined primarily 
by land-based tracking stations. 
SECTION 2.0 
SELECTION OF DATA 
Although C-band radar data almost always includes 
azimuth and elevation measurements, such data is of much 
lower accuracy than are range measurements. In an 
orbit determination using data from more than one radar, 
it is possible to utilize range measurements only, 
with no degradation of overall orbit accuracy. For 
this reason, the orbits for ship positioning were ob- 
tained using land-based radar range measurements. In 
most cases, data from only two land-based locations was 
available. However, error analyses have shown that 
this is not a serious limitation so long as the land- 
based stations are not widely separated from the ship 
which is being positioned. 
The FPS-16 type radar on the Vanguard makes 
angle measurements just as its land-based counterparts 
do. However, since calibration and stabilization 
problems are greatly more difficult on the ship than 
on land, the angle data would be expected to be, and is, 
far less accurate in terms of positioning accuracy than 
is the range data. The estimation of a two (or three) 
dimensional ship position using range data alone from 
a single satellite pass can be done, in most cases, but 
is rather sensitive to errors of almost any nature. 
Two satellite passes provide a much greater positioning 
capability as should be expected simply on the basis 
of the extended exercise of geometry. (For GEOS-B, 
e.g., tracking of the satellite on successive revolutions 
automatically means a pass east of the ship and a pass 
west of the ship.) For this reason, considerable em- 
phasis has been placed on obtaining ship positions using 
two passes of satellite track. 
The o n l y  d a t a  which has  t h u s  f a r  been  a v a i l a b l e  
f o r  o b t a i n i n g  s h i p  movement, r e l a t i v e  t o  some f i x e d  
position o r  t i m e ,  h a s  been from t h e  s h i p  i n e r t i a l  
n a v i g a t i o n  s y s t e m .  I n  t h e  d a t a  r e d u c t i o n s ,  i t  was 
assumed t h a t  t h e  SINS p o s i t i o n  might  c o n t a i n  an e r r o r  
a t  t h e  r e f e r e n c e  t i m e ,  b u t  t h a t  t h e  e r r o r  remained  
c o n s t a n t  t h r o u g h o u t  t h e  one o r  two s a t e l l i t e  p a s s e s .  
I t  was r e c o g n i z e d  i n  advance  t h a t  t h i s  was on ly  an 
a p p r o x i m a t i o n ,  and p e r h a p s  a  poor  one .  The a n a l y s i s  
r e p o r t e d  i n  t h i s  p a p e r  had a s  one of i t s  o b j e c t i v e s  
t o  d e t e r m i n e  t h e  d e g r e e  of  v a l i d i t y  of t h i s  approxima- 
t i o n ,  
I t  s h o u l d  be  n o t e d  t h a t  t h e  d a t a  r e d u c t i o n s  h e r e i n  
reported were made u s i n g  "raw" C-band r a n g e  d a t a  from t h e  
s h i p ,  w i t h  t h e  r e d u c t i o n  pe r fo rmed  i n  a  moving t r a c k e r  
program. Computer programs on boa rd  t h e  s h i p  a r e  de -  
s i g n e d  t o  p r o v i d e  C-band d a t a  r e f e r e n c e d  t o  a  f i x e d  
point, T h i s  d a t a ,  g e n e r a l l y  c a l l e d  low-speed  d a t a ,  
c o n t a i n s ,  i n  a d d i t i o n  t o  t h e  SINS e r r o r s ,  t h e  e f f e c t s  
o f  a n g l e  b i a s e s  and any r a d a r  r a n g e  b i a s e s  which may 
exist, S i n c e  t h i s  t r a n s f o r m a t i o n  i n t r o d u c e s  l a r g e  
errors from t h e  b i a s e s  a l o n e ,  i t  was d e c i d e d  t o  u s e  
%he r a d a r  d a t a  i n  i t s  raw form s o  t h a t  r a d a r  e r r o r s  
t h e m s e l v e s ,  i f  t h e y  e x i s t ,  c o u l d  be more c l e a r l y  
i d e n t i f i e d .  
One s u c h  e r r o r  s o u r c e  known t o  e x i s t  i n  t h e  C-band 
d a t a  i s  a  r a n g e  b i a s .  F a r  s t r o n g e r  p o s i t i o n  r e c o v e r i e s  
would b e  p o s s i b l e  i f  t h e  r a d a r  d a t a  were s u f f i c i e n t l y  w e l l  
c a l i b r a t e d  f o r  i t s  b i a s  t o  be  n e g l i g i b l e .  U n f o r t u n a t e l y ,  
c a l i b r a t i o n  p r o c e d u r e s  u s e d  t o  d a t e  have  n o t  s a t i s f i e d  
this r e q u i r e m e n t .  For  a l l  d a t a  r e d u c t i o n s  pe r fo rmed  t o  
date, it h a s  been  found n e c e s s a r y  t o  r e q u i r e  t h e  d a t a  r e -  
d u c t i o n  p r o c e s s  t o  e s t i m a t e  an i n d e p e n d e n t  r a d a r  b i a s  on 
each p a s s .  
SECTION 3.0 
DOCKSIDE TESTS 
Using two GEOS-R tracks by the Vanguard C-band 
radar with the ship in Port Canaveral, it has been possible 
to check out the radar and data handling and reduction 
processes under near ideal conditions. Lack of motion by 
the ship removed the complications of the moving tracker, 
And the position of the tracker was tied to a well surveyed 
point. Position recovery under these conditions should 
give an indication of the accuracy that should be expected 
when the ship motion is perfectly accounted for. 
Table E shows the radar position recovered when tracks 
of Revolutions 7972 and 7973 were used in conjunction with 
land-based tracking by Wallops and Bermuda radars. The 
estimated position, when compared to the survey position also 
shown in Table 1, shows a difference of only 17 meters,, T h i s  
figure should be considered a measure of the accuracy of the 
estimated position relative to Wallops and Bermuda. 
For both radar passes, independent radar range biases 
were estimated along with the ship position. Biases of -67 
and -17 meters were recovered, indicating both significant 
biases and biases which differ from pass to pass. 
The ship radar and land based radar residuals (differ- 
ences between the observed ranges and the calculated ranges 
to the fitted orbit) for Revolutions 7972 and 7973 are  show^ 
in Figures l and 2, respectively. The raw radar range residuals 
are denoted by ISTA19. The residuals denoted by ISTA66 refer 
to the low speed data transformed by the ship computer, The 
trends in these residuals are an indication that something 
was wrong in the transformation process. The ISTAP9 residuals 
seem quite comparable to the land-based radar range residuals, 
L a t i t u d e  
ILongi t u d e  
H e i g h t  
TABLE P 
DOCKSIDE SHIP TEST 
GEOS-B REVS 7972 - 7973 
NAD-27 POSITIONS 
A d j u s t e d  
28" 24' 31 .8"  
279" 2 3 '  44.1" 
7 . 2  m 
Orbit D e t e r m i n a t i o n  by :  
Wa l lops  FPS-16 
Bermuda FPQ- 6  
Bermuda FPS-16 
S u r v e y  
28" 2 4 '  31.4" 
279" 2 3 '  44.5"  
1 4 , 6  m 


SECTION 4.0 
AT SEA TESTS 
At sea Vanguard tracks on three different days have beclz 
reduced, in'all cases using the SINS data for relating the 
position of the ship during track to its position at tRc 
beginning of track. When tracks on successive revolut-ions were 
available, the initial position used was that at the beginning 
of the first track. 
Results for the three different tests will first be 
given. Some analysis will then be made of the recovered 
ship positions and the implications of  the large measurement 
residuals obtained for all at sea tests. 
It should be noted that a height recovery was not 
attempted for any of the at sea tests. This constraint was 
used because of the limited amount of data on some passes 
and the necessity for recovery of range biases on ail passes 
In addition, the probability of height improvement did not 
seem very high. 
4.1 ONE PASS SOLUTION 
Table 2 gives the estimated ship position at the 
beginning of track on GEOS-B Kevolut.ion 7991. The only 
available comparison position is the SINS position, also 
listed in Table 2. Differences are approximately 440 meters 
in latitude and 30 meters in longitude. A reliable 
estimate for the accuracy of the SINS position is, howevr, 
not available. 
The residuals for the ship range measurements after 
the ship position (and radar bias) estimation are shown in 
Figure 3. Residuals for the land based radars were negligibly 
TABLE 2 
SINS 
AT SEA SHIP TEST 
GEOS-B REV 7991  
L a t i t u d e  
28" 2 3 P  2 2 . 4 "  
Orbit D e t e r m i n a t i o n  by:  
W a l l o p s  FPQ-6 
W a l l o p s  FPS-16 
Be rnuda  FPS- 1 6  
L o n g i t u d e  
280" 1 5 '  18 .0 "  
280" 1 5 '  16 .8 "  

s m a l l  on t h e  s c a l e  o f  t h i s  f i g u r e  and were consequen t ly  n o t  
plotted, The e x p l a n a t i o n  f o r  t h e  l a r g e  s y s t e m a t i c  r e s i d u a l s  
a lmos t  c e r t a i n l y  l i e s  i n  e r r o r s  i n  t h e  SINS r e l a t i v e  p o s i -  
t i o n i n g  i n a c c u r a c y .  A p r e l i m i n a r y  a n a l y s i s  of t h e  r e s i d u a l s ,  
assuming t h e  s i m p l e s t  e r r o r  models f o r  a  w e l l  damped SINS 
system, i n d i c a t e s  t h a t  such  models can do on ly  a  v e r y  poor 
job  of e x p l a i n i n g  t h e  a c t u a l  r e s i d u a l s .  A s imple  v e l o c i t y  
e r r o r  a l o n e  must be i n  exce s s  of  3m/sec t o  g i v e  t h e  b e s t  
r e s i d u a l  f i t .  Th i s  would i n d i c a t e  r a t h e r  s e r i o u s  SINS 
problems du r ing  t h i s  p a s s  of an unknown n a t u r e .  
4-2 TWO PASS SOLUTIONS 
Two s e t s  of  two p a s s  s o l u t i o n s  have  been r educed ,  
with t h e  r e s u l t s  shown i n  Tab l e s  3  and 4 .  For one of t h e s e  
t e s t s ,  a LORAC p o s i t i o n  i s  a v a i l a b l e  f o r  comparison w i t h  
t h e  e s t i m a t e d  p o s i t i o n  and t h e  SINS p o s i t i o n .  I f  t h e  LORAC 
p o s i t i o n  i s  accep t ed ,  Tab le  3  s a y s  t h a t  t h e  a d j u s t e d  p o s i -  
t i o n  i s  i n  e r r o r  by abou t  500 m i n  l o n g i t u d e  and 3000 m 
i n  l a t i t u d e .  These d i f f e r e n c e s  appear  t o  be l a r g e l y  
a t t r i b u t a b l e  t o  SINS e r r o r s ,  a s  d i s c u s s e d  below. 
F igu re  4 shows t h e  s h i p  r ange  r e s i d u a l s  a f t e r  t h e  
s h i p  p o s i t i o n  (and range b i a s )  e s t i m a t i o n  on Revs. 8003-8003. 
F igu re  5 shows t h e  cor responding  r e s i d u a l s  f o r  Revs. 8010- 
8098, For b o t h  t e s t s ,  l and  based  r a d a r  range  r e s i d u a l s  a r e  
e s s e n t i a l l y  n e g l i g i b l e  on t h e  s c a l e  of  t h e  graph and f o r  
that r e a s o n  a r e  n o t  p l o t t e d .  
As might b e  expec t ed ,  SINS s y s t e m a t i c  e r r o r s  over  a  
p e r i o d  of  two hours  do n o t  n e c e s s a r i l y  t a k e  a  v e r y  s imple  
fo rm and i t  i s  n o t  p o s s i b l e  t o  accoun t  e a s i l y  f o r  t h e  r e s i d u z l .  
SINS 
A d j u s t e d  
LORAC 
TABLE 3  
AT SEA SHIP TEST 
GEOS-B REVS 8003 - 8004 
L a t i t u d e  
27" 7 '  17 .5"  
27" 9 '  1 2 . 9 "  
27" 7 '  32.0" 
L o n g i t u d e  
283" 3 9 '  0 . 6 ' '  
283" 3 9 '  10 .9 ' '  
283" 3 8 '  53.0 ' '  
O r b i t  D e t e r m i n a t i o n  by:  
Bermuda FPS- 16 
A n t i g u a  FPQ-6 
SINS 
Ad j us ted 
TABLE 4 
AT SEA SHIP TEST 
GEOS-B REVS 8010 - 8011 
Latitude 
27" 6' 41.8" 
27" 7' 26.5" 
Longitude 
283" 38' 10.5" 
283" 37' 38.0" 
Orbit Determination by: 
Wallops FPS- 16 
Bermuda FPS-16 
shown i n  e i t h e r  F i g u r e s  4  o r  5 .  For  F.igure 4 ,  however ,  s 
f a i r  f i t  t o  t h e  r e s i d u a l s  i s  o b t a i n e d  by assuming v e l o c i t y  
e r r o r s  o f  0 . 3  m/sec  S  and 0 . 1  m/sec W .  These e r r o r s  c o r r e s -  
pond t o  p o s i t i o n  e r r o r s  of  a b o u t  -400 m i n  l o n g i t u d e  and 
a b o u t  1600 rn i n  l a t i t u d e .  These  numbers c o r r e s p o n d  t o  
a b o u t  h a l f  t h e  o b s e r v e d  LORAC-A/Omega d i f f e r e n c e s  f o r  
l a t i t u d e  - and i n  t h e  r i g h t  d i r e c t i o n  - b u t  a r e  i n  t h e  
wrong d i r e c t i o n  f o r  improving  l o n g i t u d e .  
I t  may b e  n o t e d  t h a t  t h e  SINS p o s i t i o n  shows l e s s  
ag reemen t  i n  T a b l e  3 w i t h  t h e  e s t i m a t e d  p o s i t i o n  t h a n  i t  
d i d  i n  T a b l e  2 ,  p r o b a b l y  due ma in ly  t o  t h e  l o n g e r  t ime  
s p a n .  However, t h e  SINS v e l o c i t y  e r r o r s  n e c e s s a r y  t o  
a c c o u n t  f o r  o b s e r v e d  r e s i d u a l s  a r e  lower  by a b o u t  an  o r d e r  
of  magn i tude .  
R e s u l t s  f o r  Revs.  8010-8011 a p p e a r  t o  be  somewhat 
worse  t h a n  t h o s e  f o r  Revs.  8003-8004.  The SINS and e s t i -  
mated p o s i t i o n s  of  T a b l e  4 show c l o s e r  ag reemen t ,  b u t  t h e  
r e s i d u a l s  shown i n  F i g u r e  5 a r e  l a r g e r .  Most o f  t h e  d a t a  
t a k e n  f r o  t h i s  t e s t  i s  on R e v o l u t i o n  8011. R e d u c t i o n  of  
t h i s  p a s s  by i t s e l f  (and  l a n d  b a s e d  d a t a )  shows r e s i d u a l s  
of  t h e  same magni tude  and s h a p e  a s  was found  f o r  Rev. 7931, 
g i v i n g  a g a i n  i n d i c a t i o n s  o f  r a t h e r  poor  SINS p e r f o r m a n c e .  
A c c o r d i n g l y ,  f u r t h e r  a n a l y s i s  of  t h i s  t e s t  was pos tponed  
u n t i l  a d d i t i o n a l  d a t a  i s  a v a i l a b l e .  When a v a i l a b l e ,  acoustic 
t r a n s p o n d e r  d a t a  w i l l  b e  combined w i t h  t h e  r a d a r  d a t a  to 
o b t a i n  an  improved s e t  o f  s h i p  p o s i t i o n s .  
4 . 3  AT SEA DATA ANALYSIS 
The r e s u l t s  of  much of  t h e  a n a l y s i s  o f  t h e  s e a  t e s t  
d a t a  have  b e e n  g i v e n  above .  I n  g e n e r a l ,  t h e  l a r g e  r e s i -  
d u a l s  o b t a i n e d  f o r  t h e  s h i p  r a d a r  a r e  s imply  n o t  e x p l i c a b l e  
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on any b a s i s  o t h e r  t h a n  e r r o r s  i n  t h e  SINS d a t a  u s e d  f o r  
the s h i p  mot ion  h i s t o r y .  S e v e r a l  of  t h e  s i m p l e r  SINS e r r o r  
model forms have  been  modeled i n  a  s i m u l a t i o n  program t o  
s ee  t h e i r  e f f e c t s  on t h e  r e c o v e r e d  s h i p  p o s i t i o n  and on 
t h e  measurement r e s i d u a l s .  With a  v e r y  l i m i t e d  amount o f  
d a t a ,  a s  was t h e  c a s e  f o r  a l l  t e s t s ,  i t  i s  i m p o s s i b l e  t o  
solve f o r  a  l a r g e  number o f  e r r o r  model c o e f f i c i e n t s .  
T h i s  d i f f i c u l t y  i s  due t o  t h e  f a c t  t h a t  a  number o f  t h e  
e r r o r  model t e rms  have s i m i l a r  forms o v e r  t h e  p e r i o d s  f o r  
which d a t a  i s  a v a i l a b l e .  I n  s u c h  a  s i t u a t i o n ,  one o r  two 
p a r a m e t e r s  may b e  chosen  t o  e f f e c t i v e l y  a b s o r b  t h e  e r r o r  
i n  all p a r a m e t e r s .  I n  a l l  t h e  a n a l y s i s  made t o  d a t e ,  no 
more t h a n  two components of  v e l o c i t y  e r r o r  have  b e e n  u s e -  
ful i n  a c c o u n t i n g  f o r  o b s e r v e d  r e s i d u a l s .  
The l a r g e  e r r o r s  i n  t h e  e s t i m a t e d  s h i p  p o s i t i o n s  
can, as h a s  b e e n  emphas ized ,  b e  a t t r i b u t e d  t o  l a r g e  SINS 
errors, w i t h  no a c c o u n t i n g  made i n  t h e  d a t a  r e d u c t i o n  f o r  
such  e r r o r s .  Some improvement can  b e  made, i n  most  c a s e s ,  
by t h e  s o l u t i o n  f o r  one o r  two s e l e c t e d  p a r a m e t e r s .  A s  
has  been n o t e d ,  however ,  t h e  magni tude  of SINS e r r o r s  
appears  t o  d i f f e r  g r e a t l y  from day t o  d a y .  T h i s  s u g g e s t s  
that t h e  d a t a  might  be  p o t e n t i a l l y  much b e t t e r  t h a n  i t  
g e n e r a l l y  i s .  
The v e l o c i t y  e r r o r s  which have  b e e n  q u o t e d  a s  
a c c o u n t i n g  f o r  o b s e r v e d  r e s i d u a l s  s h o u l d  n o t  b e  i n t e r p r e t e d  
as  being a c t u a l  v e l o c i t y  e r r o r s ,  p a r t i c u l a r l y  f o r  t h e  two 
r e v o l u t i o n  s o l u t i o n s .  The v e l o c i t y  e r r o r  b e s t  a c c o u n t i n g  
f o r  t h e  8003-8004 r e s i d u a l s  was s t a t e d  t o  b e  0.33/197: 
-
The s p e e d  and h e a d i n g  of  t h e  s h i p  was c o m p l e t e l y  changed 
be tween R e v o l u t i o n s  8003 and 8004,  w i t h  some e x p e c t e d  
p e r t u r b a t i o n s  on t h e  SINS s y s t e m .  The v e l o c i t y  e r r o r s  
w o u l d  t h e n  b e  e x p e c t e d  t o  b e  d i f f e r e n t  on t h e  two p a s s e s .  
SECTION 5.0 
CONCLUSIONS 
The r e s u l t s  p r e s e n t e d  i n  t h e  p r e c e d i n g  s e c t i o n s  
have shown t h a t  C-band r a d a r  d a t a  from t h e  Vanguard i s  
p o t e n t i a l l y  u s e f u l  f o r  a c c u r a t e  g e o d e t i c  p o s i t i o n i n g  
p r o v i d e d  t h e  r e l a t i v e  s h i p  movement can  be  a c c u r a t e l y  
accoun ted  f o r .  The r e s u l t s  o b t a i n e d  and t h e  i m p l i c a t i o n s  
f o r  f u r t h e r  a n a l y s i s  may b e  summarized a s  f o l l o \ i s :  
1. A two s a t e l l i t e  p a s s  p o s i t i o n  e s t i m a t i o n  
a c c u r a c y  on t h e  o r d e r  of  15  m e t e r s  i s  p o s s i b l e  
u s i n g  a  s h i p  G-band r a d a r  when r e l a t i v e  s h i p  
p o s i t i o n  be tween d a t a  p o i n t s  i s  knorin from 
o t h e r  s o u r c e s .  
2 .  S h i p  p o s i t i o n  e s t i l n a t i o n  u s i n g  SINS d a t a  for 
r e l a t i v e  s h i p  mot ion  g i v e s  p o s i t i o n  e r r o r s  
which may exceed  3 km. (One s i n g l e  p a s s  
r e s u l t ,  GEOS-B r e v o l u t i o n  8 0 0 4 ,  gave answers  
which r e s i d u a l  a n a l y s i s  i n d i c a t e d  s h o u l d  b e  
a c c u r a t e  t o  5 0 0  m e t e r s . )  
3. Apparen t  SINS e r r o r s  o b s e r v e d  a r e  much g r e a t e r  
t h a n  q u o t e d  SINS e r r o r s .  
4 .  Model ing of  SINS e r r o r s  o v e r  a  one p a s s  p e r i o d  
a p p e a r s  p o s s i b l e ,  w i t h  t h e  s o l u t i o n  f o r  s p e e d  
and h e a d i n g  e r r o r s .  
5 .  The c r u c i a l  i t e m  i n  s h i p  p o s i t i o n i n g  i s  an inde- 
p e n d e n t  s o u r c e  of  r e l a t i v e  p o s i t i o n .  The u s e  
o f  a c o u s t i c  t r a n s p o n d e r s  f o r  t h i s  p u r p o s e  s h o u l d  
b e  one p e r f e c t l y  a d e q u a t e  s o l u t i o n .  
